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Preface 


The  purpose  of  this  study  was  to  explore  the  viability  of  improving  the 
performance  of  cavity-backed  antennas.  Traditionally  antenna  cavities  are  filled  with 
electromagnetic  absorber  to  mitigate  interference  effects  that  would  otherwise  cause  the 
antenna  radiation  pattern  to  vary  widely  at  different  frequencies.  The  approach  used  in 
this  research  was  to  replace  the  absorber  with  dielectric  slabs,  some  of  which  contained 
arrays  of  dipoles.  The  results,  based  on  radiation  pattern  cuts  from  seven  cavity 
configurations  integrated  with  a  log  periodic  trapezoid  wire  antenna,  were  somewhat 
inconclusive.  Additional  research  is  recommended. 

This  thesis  research  was  made  even  more  rewarding  because  of  the  opportunity  it 
provided  to  work  with  numerous  individuals  that  were  consistently  helpful,  patient,  and 
supportive.  I  wish  to  express  my  sincere  appreciation  to  two  of  these  individuals,  my 
sponsor.  Dr.  Stephen  Schneider,  and  my  advisor,  Capt  Paul  Skinner.  Their  insight  on 
different  ways  to  approach  parts  of  my  research  was  invaluable.  In  addition,  I  also  wish  to 
thank  Dr.  Terzouli  and  Capt  Joe  Sacchini  for  serving  on  my  Committee  and  providing 
helpful  feedback  throughout  this  effort.  The  assistance  I  recieved  from  Bob  Lindsay  was 
extremely  helpful  during  the  test  phase.  Finally,  I  wish  to  thank  my  wife  for  her 
understanding,  support,  and  energetic  assistance  over  the  last  few  months. 


Joseph  S.  Zaren 
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Abstract 


The  purpose  of  this  study  was  to  explore  the  viability  of  improving  the 
performance  of  cavity-backed  antennas.  Traditionally  antenna  cavities  are  filled  with 
electromagnetic  absorber  to  mitigate  interference  effects  that  would  otherwise  cause  the 
antenna  radiation  pattern  to  vary  widely  at  different  frequencies.  The  approach  used  in 
this  research  was  to  replace  the  absorber  with  dielectric  slabs,  some  of  which  contained 
arrays  of  dipoles.  These  dipole  arrays  were  modeled  as  frequency  selective  selective 
surfaces  using  two  periodic  moment  method  bi^ed  computer  programs  and  one 
transmission  line  program.  A  systematic  study  was  performed  that  identified  the  effect  of 
changing  the  dipole  array  parameters  on  prospective  cavity  designs. 

Seven  different  cavity  configurations  were  tested  using  a  log  periodic  trapezoid 
wire  antenna  system  designed  to  support  2.3  - 12.4  GHz.  Cavity  configurations  using 
one,  two,  and  three  layers  of  dipole  arrays  were  tested  and  compared  to  both  absorber- 
filled  and  dielectric-filled  cavity  configurations.  The  results  were  inconclusive  because 
even  though  some  two  layer  designs  and  one  three  layer  design  had  better  gain  almost 
entirely  throughout  the  2  - 12  GHz  region,  the  gain  of  the  baseline  absorber-filled  and 
dielectric-filled  cavities  varied  widely  over  this  bandwidth.  No  cavity  configuration 
provided  an  extended  3  dB  bandwidth.  Additional  research  is  recommended. 
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IMPROVING  THE  PERFORMANCE  OF  CAVITY-BACKED 
ANTENNAS  BY  USING  PASSIVE  SCATTERERS 


1.  Problem  Deflnition 


1.1  Problem  Definition 


The  objective  of  this  research  is  to  improve  the  performance  of  broadband 
antennas  that  use  an  electromagnetic  absorber-filled  cavity  to  obtain  a  unidirectional 
radiation  pattern.  This  pattern  is  perpendicular  to  the  plane  containing  the  radiating 
elements  of  the  antenna.  In  addition,  it  exists  on  the  free  space  side  (non-cavity-backed 
side)  of  the  antenna. 

Examples  of  these  types  of  antennas  include  the  bowtie  antenna,  the  spiral  antenna, 
and  many  different  log  periodic  types. 

1.2  .lustification  for  Research 

Cavity-backed  spiral  antennas  are  used  extensively  in  critical  military 
communications  systems.  Most  notably,  they  are  used  in  aircraft,  ship,  and  ground-based 
radar  warning  systems.  They  are  also  used  in  electronic  warfare  systems. 

By  designing  a  more  sensitive  spiral  antenna,  the  range  at  which  these  systems 
operate  would  increase.  For  example,  doubling  the  gain  of  the  spiral  antenna  used  in  an 
aircraft's  radar  warning  system  would  double  the  range  at  which  enemy  radar  would  be 
detected. 
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Realizing  the  implications  for  improved  performance  of  mission  essential  military 
communication  systems  like  radar  warning  ones,  the  Active  Electromagnetic 
Countermeasures  Branch  of  the  Wright  Laboratory  Avionics  Directorate  at  Wright  - 
Patterson  Air  Force  Base  in  Dayton,  Ohio  has  sponsored  this  research. 

This  research  into  the  use  of  passive  scatterers  to  improve  the  performance  of 
cavity-backed  spiral  antennas  has  potential  application  to  the  civilian  sector  as  well.  One 
example  of  such  an  application  is  their  use  in  commercial  interferometric  direction  finding 
systems.  Since  this  research  is  in  a  dual-use  technology  area,  an  area  in  which  the 
potential  for  applying  technology  extends  into  the  commercial  sector  in  addition  to  its  use 
to  satisfy  a  military  objective,  the  potential  civilian  sector  benefits  offer  additional 
justification  for  this  research. 
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2.  Literature  Review 


Four  main  assets  of  spiral  antennas  were  noted  by  Laxtapi  and  Mittra  in  1967  [12]. 
First,  they  provide  good  performance  over  a  very  broad  frequency  band  (up  to  20: 1).  Up 
until  the  development  of  the  log  periodic  and  spiral  antennas  in  the  late  1950s  and  early 
1960s  such  broadband  antenna  performance  was  unobtainable.  Second,  they  provide  wide 
angular  coverage,  typically  about  a  75  degree  -3  dB  to  -3  dB  beamwidth.  Third,  multi¬ 
arm  spirals,  those  with  more  than  two  arms,  provide  a  direction  finding  capability.  This 
capability-exists  because  the  spiral  antenna's  pattern  switching  property  can  be  controlled 
by  using  different  feeding  techniques  [14].  Fourth,  they  provide  circular  or  elliptical 
polarization  depending  on  the  feed  network.  Knott  et  al.  identified  yet  another  positive 
attribute  of  spiral  anteimas  --  that  they  can  be  made  to  conform  to  a  surface  [10].  For 
example,  conformal  spiral  antermas  can  be  mounted  flush  against  an  aircraft's  fuselage, 
which  has  both  aerodynamic  and  radar  cross  section  reduction  benefits. 

There  are  two  major  categories  of  spiral  antennas  —  Archimedean  and  equiangular 
as  shown  below  in  Figures  2-1  and  2-2.  Both  consist  of  three  components  — 
the  spiral  arms,  the  balun  (feed),  and  the  anteima  backing,  usually  a  cavity. 


Elgnre  2-1  Archimedean  spiral  antenna  [17]  Figure  2-2  Equiangular  spiral  antenna  [23  ] 
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Figure  2-3  shows  how  these  three  components  are  integrated  into  a  functional 
Archimedean  spiral  antenna.  The  spiral  aims  of  both  categories  of  planar  spiral  antennas 
can  be  described  geometrically.  For  one  arm  of  an  Archimedean  spiral,  described  by 
Curtis  in  1960  [2]; 

r  =  c  +  a*phi  (1.1) 

where 

r  -  radial  distance  firom  the  origin  to  any  point  on  the  spiral 
c,  a  =  constants 

phi  =  polar  angle  in  the  plane  of  the  spiral. 


For  the  equiangular  spiral,  also  known  as  the  log  periodic  spiral,  described  by  Dyson  in 


1959  [3]: 


r  =  exp[a*phi] 


(1.2) 


where 


r  =  radial  distance  firom  origin  to  any  point  on  the  spiral 
a  —  the  constant  angle  formed  between  a  tangent  to  the  curve  at 
any  point  and  a  line  to  the  origin  at  that  point 
phi  =  polar  angle  in  plane  of  the  spiral. 


From  these  two  equations,  it  is  important  to  note  that  the  distance  firom  the  origin  to  any 
point  on  the  spiral  increases  as  the  variables  a  and  phi  increase.  These  equations  are 


consistent  with  Figures  2-1  and  2-2. 


■  N  Feed  Lines 
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ilgure  2-3  A  cavity-backed  Archimedean  spiral  antenna  [10].  Note  the  spiral  arms,  balun,  and  cavity. 
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The  effect  of  different  spiral  arm  shaping  has  been  studied  extensively  by  Ransom 
[21],  Nakano  etal  [19] ,  and  Kraft  [11].  In  fact,  as  Figures  1-4  and  1-5  indicate,  recent 
shapes  included  in  the  spiral  antenna  category  may  in  fact  be  quite  different  geometrically, 
though  analogous  operationally,  compared  to  the  traditional  Archimedean  or  equiangular 
designs.  Most  recently,  Kraft  in  1990  demonstrated  that  proper  choice  of  the  arm  shape 
could  improve  the  crosspolaiization  discrimination  of  the  anteima  by  more  than  15  dB 
when  compared  to  a  traditional  Archimedean  or  equiangular  designs.  Though  he  achieved 
a  significant  improvement  in  crosspolarization  discrimination,  he  did  not  identify  any 
associated  increase  in  the  anterma  gain. 


As  with  the  design  of  spiral  arms,  the  design  of  the  balun,  which  is  the  second 


component  of  the  spiral  antenna,  has  been  researched  more  extensively  than  the  design  of 
the  spiral's  cavity.  There  are  two  types  of  broadband  baluns  [16].  The  first  type,  the 
Marchand  balun,  is  shown  in  Figure  1-6.  In  this  case,  a  tapered  twin  line  is  used  to  feed 
the  spiral  antenna  over  fiequency  bands  as  large  as  13:1.  The  second  type,  the  taper 
balun  shown  in  Figure  1-7,  is  simpler,  more  cost  effective,  and  accorrunodates  even  larger 
bandwidths,  up  to  100:1,  but  can  result  in  pattern  squint  of  about  15  degrees. 

This  research  seeks  to  improve  cavity-backed  antenna  performance  by  redesigning 
the  cavity.  This  implies  that  any  further  improvements  in  either  spiral  arm  design  or  balun 
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design  could  be  integrated  with  an  improved  cavity  design  to  further  optimize  antenna 
performance. 
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Figure  2-6  Side  view  of  spiral  antenna  using  a  Marchand  balun  to  couple  energy  from  the  source  to  the  radiating 
aims  of  the  antenna  [16]. 


Figure  2-7  Side  view  of  two  split  tapered  coaxial  baluns  [22]  [14]. 

Unlike  the  extensive  research  into  arm  shaping  and,  to  a  lesser  extent,  feed 
networks  for  spiral  antennas,  there  has  been  very  little  research  published  relating  to  the 
cavity  design.  In  reference  to  the  planar  spiral  antenna,  Morgan  observed  in  1987  that 
"the  dftsign  of  this  type  of  antenna,  and  in  particular  its  cavity,  is  left  to  empirical  methods 
based  on  intuitive  reasoning,  generally  followed  by  a  number  of  iterations  to  achieve  an 
acceptable  performance"  [15:7].  Nevertheless,  four  approaches  for  backing  a  spural 
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antenna  are  described  in  published  literature.  Up  until  now,  these  approaches  have  led  to 
either  broadband  low  gain  performance  or  narrowband  medium  gain  performance.  None 
offer  the  potential  of  broadband  medium  gain  performance  comparable  to  what  might  be 
possible  by  filling  the  cavity  with  the  appropriate  frequency  selective  surfaces.  Without 
any  backing,  the  spiral  antenna  would  radiate  in  the  two  opposite  directions  that  are 
perpendicular  to  the  plane  of  the  spiral.  Therefore,  to  obtain  the  desired  unidirectional 
beam,  one  of  these  four  approaches  is  used: 

1.  leave  cavity  empty 

2.  fill  cavity  with  absorber 

3.  load  cavity  with  dielectric  against  the  walls 
in  the  form  of  a  picture  frame 

4.  use  plane  conductor  rather  than  a  cavity. 

First  consider  the  approach  of  leaving  the  cavity  empty.  When  the  cavity's  depth  is 
an  odd  multiple  of  a  quarter  wavelength,  constructive  interference  will  occur  and  result  in 
increased  gain.  However,  the  consequence  of  this  is  the  loss  of  the  spiral  antenna's 
broadband  performance.  This  is  due  to  the  destructive  interference  that  will  occur  when 
the  cavity's  depth  is  a  multiple  of  a  half  wavelength.  In  1963  Howell  noted  these 
"detrimental  effects  of  the  reflected  wave  when  using  cavities"  [8:5]. 

Now  consider  the  second  approach  of  filling  the  cavity  with  a  material  that  absorbs 
electromagnetic  waves.  This  method  reduces  any  interference-causing  reflected  waves 
because  the  waves  radiated  into  the  cavity  are  greatly  attenuated  by  the  lossy  material  in 
the  cavity.  This  results  in  a  more  constant  radiation  pattern,  though  at  a  nominal  gain  that 
is  at  times  less  than,  and  at  other  times  more  than,  that  obtained  with  an  empty  cavity  at 
selected  frequencies  [20]. 

Next  consider  the  third  approach  of  loading  the  cavity  with  a  dielectric  material 
against  its  walls  in  the  form  of  a  picture  frame.  Morgan  used  this  approach  to  address  the 
problem  of  absorbing  low  frequency  reflections  from  the  unloaded  ends  of  spiral  arms  for 
a  reduced  aperture  spiral  antenna  [16].  This  approach  is  usually  not  applicable  to  normal 
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aperture  spiral  antennas  with  end  loading  since  the  reflected  energy  from  the  ends  of  the 
spiral  arms  is  typically  negligible. 

Now  consider  the  final  approach  of  backing  the  spiral  antenna  with  a  tightly  spaced 
conducting  plane  reflector.  Most  recently,  Holzheimer  and  Hollaway  in  1993  concluded 
"certain  applications  ...  that  allow  for  pattern  degradation,  gain  variations,  and  varying 
axial  ratio  by  providing  low  element  profiles"  can  be  appropriately  addressed  by  adopting 
this  backing  approach  [7:455].  Though  they  examined  the  performance  over  a  6: 1 
frequency  range,  they  presented  results  only  for  one  frequency  near  the  center  of  the 
range.  The  authors  provided  insufficient  data  to  allow  the  reviewer  to  assess  actual 
performance  towards  the  limits  of  the  frequency  range. 

In  addition,  in  1986  Nakano  et  al.  analyzed  a  truncated  spiral  with  a  conducting 
plane  reflector  one  quarter  of  a  wavelength  behind  the  plane  of  the  spiral  [19].  They 
obtained  a  good  gain,  8.5  dBi,  but  only  over  a  very  narrow  1.2: 1  bandwidth.  This  gain 
was  about  4.0  dB  greater  than  that  of  a  corresponding  isolated  spiral  antenna,  with  no 
backing,  radiating  over  the  same  frequency  band.  This  improved  performance  at  the  cost 
of  introducing  resonant  behavior  is  consistent  with  the  physics  of  constructive  and 
destructive  wave  interference. 

This  concept  of  interference  forms  the  basis  for  the  use  of  passive  scatterers, 
modeled  as  frequency  selective  surfaces  to  potentially  improve  the  performance  of  cavity- 
backed  antennas.  One  of  the  main  applications  of  frequency  selective  surfaces  is  their  use 
in  protective  domes  for  antennas.  Going  one  step  further,  Wheeler  [24]  patented  an 
antenna  system  that  uses  frequency  selective  surfaces  to  create  a  reflector  antenna  with  a 
construction  that  is  substantially  open  to  permit  the  passage  of  wind  but  closed  to  the 
passage  of  electromagnetic  waves  at  selected  frequencies.  Furthermore,  Munk  [18] 
patented  designs  that  use  frequency  selective  surfaces  to  obtain  either  a  high  or  low 
reflection  coefficient  over  a  narrow  bandwidth  substantially  independent  of  angle  of 
incidence  of  the  incident  wave.  While  both  of  these  patents  hint  at  the  possibility  of 
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designing  an  improved  antenna  cavity  using  frequency  selective  surfaces,  no  documented 
research  exists  yet  that  investigates  this  possibility. 
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3.  Approach 


This  chapter  will  provide  an  overview  of  the  approach  used  to  try  to  improve  the 
performance  of  cavity-backed  antennas.  It  will  be  divided  into  five  sections.  First,  the 
modification  to  the  antenna's  cavity,  including  the  rationale  used  to  determine  the  cavity's 
dimension,  will  be  addressed.  Second,  frequency  selective  surfaces  (FSSs)  will  be  defined 
to  lay  the  foundation  for  understanding  the  modeling  techniques  used.  More  detailed 
insight  into  the  use  of  FSSs  to  reflect  radiation  at  selected  frequencies  will  occur  in  the 
next  chapter.  Third,  the  three  tools  used  to  model  the  cavity  will  be  identified.  Again, 
more  in  depth  coverage  of  these  tools  and  the  results  they  predicted  for  different  cases  will 
occur  in  the  next  chapter.  Fourth,  the  antenna  used  to  test  the  scatterer-filled  cavity  will 
be  described.  The  fifth  and  final  section  will  outline  the  testing  approach. 

3.1  Modifications  to  and  Dimensions  of  the  Cavity 

In  this  research,  the  approach  used  to  try  to  improve  the  performance  of  absorber- 
filled  cavity-backed  broadband  antennas  was  to  modify  their  cavities.  Recall  that  the 
traditional  practice  of  filling  a  cavity  with  absorber  is  done  to  attenuate  the  energy  radiated 
into  the  cavity  so  that  neither  destructive  nor  constructive  interference  from  energy  being 
reflected  from  the  its  bottom  influences  the  radiation  pattern  on  the  free  space  side  of  the 
antenna.  By  using  a  different  approach  and  not  filling  the  cavity  with  absorber,  one  might 
be  able  to  achieve  a  continuous  state  of  constructive  interference  over  a  wide  bandwidth  at 
the  plane  containing  the  antenna. 

To  achieve  this  goal  and  hence  realize  the  improved  performance  promised  by 
radiating  almost  all  the  energy  in  the  free  space  direction,  one  could  place  a  perfect  electric 
conductor  (PEC)  a  constant  electrical  distance  of  A/4  below  the  antenna's  plane  and 
adjusted  its  physical  distance  as  the  frequency  changed.  Under  these  conditions. 
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constructive  interference  would  then  occur  because  the  round  trip  distance  of  X/2  and  the 
180  degree  phase  shift  caused  by  reflection  from  the  PEC  would  combine  to  result  in  a 
phase  shift  of  360  degrees. 

The  approach  explored  in  this  report  is  analogous  to  the  one  described  above.  The 
main  difference  is  the  method  used  to  obtain  reflections  —  the  actual  approach  relied  on 
scattering  from  arrays  of  dipoles  that  were  fixed  at  specific  distances  from  the  antenna's 
plane  rather  than  relying  on  reflections  from  a  PEC  that  moved  closer  to  and  farther  from 
the  antenna's  plane  as  the  frequency  increased  or  decreased. 

The  ideal  design  would  contain  an  infinite  number  of  infinitely  thin  slabs  that  each 
had  such  a  sharp  resonance  that  they  would  perfectly  reflect  the  radiation  from  the  antenna 
when  their  distance  below  the  antenna's  plane  was  X/4,  yet  allow  all  radiation  having  a 
lower  frequency  to  pass  through  the  slab  without  any  perturbation. 

In  contrast,  the  actual  design  consisted  of  17  layers  of  dielectric  slabs  each  having 
a  relative  dielectric  constant  of  2.5  and  a  thickness  of  50  mils  (1.27  mm).  The  slab 
parameters  were  chosen  based  on  availability  and  cost.  One  of  the  advantages  of  using 
slabs  of  the  same  thickness  was  that  they  could  easily  be  interchanged.  This  was 
conducive  to  easily  exploring  the  effects  of  varying  the  distance  from  the  antenna's  plane 
to  those  slabs  containing  scatterers.  Not  every  slab  contained  scatterers.  The  main  reason 
for  this  was  because  of  the  difficulty  in  achieving  a  high  Q  for  a  single  reflecting  surface. 
Without  this  very  sharp  resonance,  it  was  not  possible  to  obtain  a  quick  roll  off  of  the 
reflection  coefficient  to  allow  for  electromagnetic  waves  having  a  slightly  lower  frequency 
to  penetrate  the  slab  and  get  reflected  at  the  X/4  distance  needed  to  obtain  constructive 
interference.  The  second  reason  each  slab  did  not  contain  scatterers  was  that  the  model 
used  to  optimize  the  design  could  not  model  this  case. 

As  indicated  in  Table  3.1,  these  17  layers  provided  the  potential  for  perfect 
reflection  for  discrete  frequencies  ranging  from  2.2  to  12.4  GHz.  This  table  also  identifies 
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the  electrical  length  of  the  2.5  inch  long  by  2.5  inch  wide  cavity.  The  electrical  length  was 
based  on  the  relative  dielectric  constant  being  2.5  and  the  use  of  equation  3.1. 

The  frequency  corresponding  to  a  'hJA  distance  from  the  plane  of  the  antenna  for  each  1.27 
mm  thick  slab  was  obtained  by  using  the  following  equation: 


f=c/(X  *sqrt(ej.)) 


(3.1) 


/=  frequency 
c  =  speed  of  light 
=  2.5  =  dielectric  constant  of  slabs 
X  =  wavelength  =  4*distance  from  the  slab  to  the  antenna's  plane 

The  cavity,  which  did  not  contain  any  backing,  was  2  inches  deep,  which  equates 
to  X/A  at  1.48  GHz  in  air  and  0.93  GHz  when  Cj.  equals  2.5.  These  cavity  dimensions  were 
chosen  to  house  an  antenna  that  would  support  frequencies  as  low  as  2.25  GHz.  The 
cavity  was  placed  at  the  center  of  an  18  inch  by  18  inch  groundplane.  Both  the 
groundplane  and  cavity  were  metal. 


Table  3.1 

Identification  of  the  Cavity's  Layers 
and  Its  Electrical  Length  at  each  Frequency 


Freq  X  in  Ei.=2.5  X/4  distance  2.5"  Electrical  Length 


GHz 

cm 

cm 

X 

12.45 

1.525 

0.38125 

4.16 

9.34 

2.031 

0.50775 

3.13 

l.Al 

2.540 

0.63500 

2.50 

6.22 

3.050 

0.7625 

2.08 

5.33 

3.560 

0.8900 

1.78 

4.67 

4.063 

1.01575 

1.56 

4.14 

4.583 

1.14575 

1.39 

3.73 

5.087 

1.27175 

1.25 

3.39 

5.597 

1.39925 

1.13 

3.11 

6.101 

1.52525 

1.04 

2.87 

6.611 

1.65275 

0.96 

IMl 

7.114 

1.7785 

0.89 

2.49 

7.620 

1.9050 

0.83 

2.33 

8.143 

2.03575 

0.78 

3-3 


3.2  Definition  of  Frequency  Selective  Surfaces 


The  layers  of  scatterers  that  replaced  the  traditional  absorber  in  the  antenna's 
cavity  can,  to  a  certain  degree,  be  modeled  as  layers  of  frequency  selective  surfaces 
(FSSs).  These  surfaces  can  be  used  to  obtain  high  levels  of  reflection  at  their  resonant 
frequency  while  permitting  transmission  of  other  frequencies.  They  are  analogous  to 
filters  in  communication  theory. 

Physically,  FSSs  are  arrays  of  elements  arranged  periodically  such  that  the 
dimensions  of  one  element  and  its  location  referenced  to  its  neighboring  elements  on  the  Y 
axis  and  Z  axis  are  all  that  are  needed  to  describe  the  surface  when  it  lies  in  the  Y-Z  plane. 
The  elements  can  vary  from  simple  dipoles  to  any  complex  arbitrary  shape.  Examples  of 
the  more  commonly  used  elements  are  shown  in  Figure  3-1.  Only  one  type  of  element  was 
used  in  this  research  —  unloaded  dipoles.  Though  this  precluded  the  design  of  cavities  for 
circularly  polarized  antennas,  it  still  allowed  for  good  proof  of  concept  research  aimed  at 
improving  the  performance  of  linearly  polarized  cavity-backed  antennas.  In  addition,  it 
was  consistent  with  the  modeling  constraints  imposed  by  the  final  tool  used  to  optimize 


the  design,  the  Hoser  code.  '////''/////// 

V/////Z^y 


(a)  Rectangular  Slot 


(b)  Circular  Slot, 
Circular  Hole 


(c)  Angular  Slot  (d)  Single  Loaded  Slot  Symmetrically 

Loaded  Slot 

Figure  3-1  Typical  elements  used  in  frequency  selective  surfaces  [  10]. 


(f)  Three-Legged 
Loaded  Slot 
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Computer  models  which  exist  for  FSS  analysis  fall  within  one  of  three  categories. 
These  first  two  categories  are  the  infinite  by  infinite  case  and  the  finite  by  infinite  case. 
Consider  a  FSS  in  the  Y-Z  plane.  In  the  first  case,  the  reference  element  repeats  itself 
forever  in  the  z  direction  with  each  element  separated  by  a  constant  distance,  dz.  In 
addition,  there  are  an  infinite  number  of  these  arrays  of  periodic  z-directed  elements  each 
at  a  constant  separation  distance,  dy,  from  each  other.  By  comparison,  in  the  finite  by 
infinite  case,  there  are  only  a  finite  number  of  z-directed  arrays  that  contain  an  infinite 
number  of  elements  separated  by  dz.  The  logical  extension  of  this,  and  the  only  physically 
realizable  case  of  course,  is  when  the  number  of  z-directed  arrays  is  finite  and  the  number 
of  elements  in  each  of  these  arrays  is  finite. 

3.3  Computer  Codes  Used  to  Model  the  Cavity 

Three  computer  codes  were  used  to  model  the  scatterer-filled  cavity.  The  first  two 
codes  assumed  the  cavity's  dielectric  slabs  that  contained  scatterers  would  be  modeled  by 
the  infinite  by  infinite  case.  These  codes  were  used  to  gain  a  better  understanding  of  the 
behavior  of  single  and  multiple  layer  FSS  cavity  designs  as  certain  parameters  were 
modified. 

To  benefit  from  using  FSS  analysis  methods,  the  layers  of  scatterers  within  the 
cavity  were  modeled  as  distinct  FSSs.  One  may  question  the  validity  of  doing  so  based  on 
the  dimensions  of  the  cavity  and  corresponding  electrical  lengths  identified  in  Table  3.1, 
but  given  the  computer  resources  necessary  to  analyze  these  as  layers  of  scatterers  via  the 
brute  force  finite  element  method,  this  approach  seemed  quite  logical. 

The  periodic  moment  method  was  used  to  analyze  the  cavity  layers  that  were 
treated  as  FSSs.  The  method  is  based  on  a  plane  wave  expansion  theory  that  allows  each 
infinite  array  of  scatterers  to  be  represented  as  one  element  —  the  reference  element.  As 
the  name  implies,  this  method  is  a  special  application  of  the  moment  method  that  relies  on 
Floquet's  Theorem  to  define  periodic  basis  functions.  The  end  result  is  a  double 
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summation  which  requires  careful  determination  of  mode  structure  to  lead  to  efficient 
convergence. 

The  Ohio  State  University's  (OSU's)  PMM  code  [6]  was  the  first  of  three  codes 
used  to  model  the  cavity  layers.  This  robust  code  was  used  because  it  analyzed  infinite  by 
infinite  arrays  and  because  it  was  readily  available.  It  was  used  to  gain  insight  into 
fundamental  FSS  design  concepts  that  will  be  identified  in  the  next  chapter. 

The  second  code  modeled  the  slabs  as  infinite  by  infinite  FSS  arrays  which  were 
represented  as  series  LC  circuits  (lumped  elements)  that  shunted  a  transmission  line  at 
distances  from  its  port  that  corresponded  to  the  array's  distance  from  the  plane  of  the 
antenna.  Though  the  OSU  PMM  code  provided  the  capability  to  model  an  FSS  using 
transmission  line  techniques,  the  self-developed  code  listed  in  Appendix  B  was  used.  This 
code  is  based  on  the  theory  of  small  reflections.  It  was  used  for  two  reasons.  First,  it 
provided  accurate  results  much  more  quickly  than  by  using  the  rigorous  periodic  moment 
method  approach  of  the  OSU  PMM  code.  Second,  it  modeled  stacks  of  FSS  layers  that 
were  located  anywhere  within  the  cavity.  This  overcame  the  OSU  PMM  code's  restriction 
that  the  dz  term  remain  constant. 

This  transmission  line  approach  is  based  on  the  theory  that  a  single  infinite  by 
infinite  FSS  array  can  be  modeled  by  a  lossless  impedance  —  one  having  a  purely  reactive 
component  (that  is  capacitive  below  resonance  and  inductive  above  it)  —  shunted  across  a 
transmission  line.  The  equivalent  impedance  consists  of  a  lumped  capacitance  and 
inductance  and  can  be  obtained  by  using  the  rigorous  OSU  PMM  code.  For  example,  the 
equivalent  transmission  line  representation  of  two  infinite  by  infinite  FSSs  separated  by  a 
distance  "d"  consists  of  the  reactance  associated  with  the  first  FSS  shunted  across  a 
transmission  line  followed  a  distance  "d"  later  by  the  reactance  associated  with  the  second 
FSS  shunted  across  this  transmission  line. 

Unlike  the  first  two  codes  that  could  not  model  finite  by  infinite  FSS  arrays,  the 
third  code  used  to  analyze  the  cavity,  known  as  the  Hoser  code  [9],  relied  on  PMM  theory 
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to  do  just  that  —  model  a  finite  number  of  infinitely  long  dipole  arrays.  This  code  was  used 
because  it  more  accurately  represented  the  2.5  square  inch  slabs  and  because  of  its 
availability.  Like  the  OSU  PMM  code,  it  placed  a  restriction,  though  less  of  one,  on  the 
dz  parameter.  It  required  all  the  dz  terms,  which  represented  the  distance  between 
elements  in  one  array,  to  be  multiples  of  each  other.  This  made  the  code  most  suitable  to 
modeling  FSS  layers  that  resonated  at  frequencies  which  were  multiples  of  each  other. 

With  all  three  codes,  the  approach  used  to  optimize  potential  cavity  designs 
remained  the  same  —  to  identify  the  relevant  parameters  and  determine  methods  to  tailor 
them  in  order  to  control  the  phase  at  the  antenna's  plane.  A  more  detailed  review  of  the 
design  process  to  include  the  effects  of  parameter  changes  will  occur  in  the  next  chapter. 

3.4  Choice  of  Antenna  to  Use  in  Testing 

Initially  this  research  focused  on  improving  the  performance  of  cavity-backed 
spiral  antennas.  These  types  of  antennas  produce  circularly  polarized  waves  which  would 
require  using  FSS  layers  of  loaded  crossed  dipoles  These  elements  could  not  be  modeled 
by  the  Hoser  code.  For  that  reason  and  because  the  concept  of  using  arrays  of  scatterers 
could  still  be  explored  using  simple  dipoles,  an  antenna  that  produced  linearly  polarized 
waves  was  chosen  for  testing  purposes.  The  design  of  this  antenna,  a  log  periodic 
trapezoid  wire  antenna,  will  be  discussed  in  more  detail  in  Chapter  5. 

3.5  Test  Approach 

This  section  will  identify  what  data  was  collected  and  why,  the  dimensions  and 
location  of  the  test  chamber,  and  will  conclude  with  a  list  of  the  equipment  used  and  its 
configuration  and  calibration. 

The  objective  of  the  testing  was  to  obtain  radiation  patterns  and  VSWR  plots  for 
different  cavity  configurations  at  various  frequencies.  These  objectives  were  met  by  using 
the  same  feed,  antenna,  mounting  structure,  and  test  facility  for  each  measurement  so  that 
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valid  comparisons  of  results  were  possible.  Results  from  each  cavity  design  were 
compared  to  two  baseline  cases.  The  first  baseline  design  consisted  of  filling  the  cavity 
with  standard  AN-75  absorber  whereas  the  second  design  used  17  blank  dielectric  slabs. 
The  absorber-filled  cavity  contained  2  inches  of  absorber  sandwiched  between  the  antenna 
and  one  dielectric  slab  containing  copper  tape  on  its  outside  surface.  Copper  tape  was 
placed  on  the  outside  surface,  the  one  visible  from  the  rear  of  the  cavity,  of  the  deepest 
dielectric  slab  in  every  design.  This  was  done  to  prevent  radiation  from  passing  beyond 
that  point  and  interfering  with  the  measurements. 

The  first  of  the  two  types  of  data  collected  for  each  cavity  design,  the  Voltage 
Standing  Wave  Ratio  (VSWR),  was  measured  using  an  HP8720  Network  Analyzer.  This 
was  done  to  obtain  insight  into  how  much  energy  was  actually  reaching  the  antenna. 
Additional  insight  into  where  reflections  occurred  in  the  process  of  coupling  this  energy 
from  the  source  to  the  antenna  was  obtained  by  using  the  HP8720  to  transform  the  data 
from  the  frequency  to  the  time  domain.  This  VSWR  data  was  important  because  the 
bandwidth  over  which  an  antenna  maintains  a  VSWR  below  two,  the  2:1  VSWR 
bandwidth,  is  a  standard  criteria  used  to  judge  antenna  performance. 

The  second  category  of  collected  data  was  a  set  of  radiation  pattern  cuts  at 
selected  frequencies.  This  data  was  essential  to  collect  and  analyze  because  it  provided 
insight  into  the  antenna  gain  at  different  frequencies  and  at  different  angles.  From  this 
data  one  can  determine  the  -3  dB  to  -3  dB  beamwidth  at  a  given  frequency  and,  with  a 
collection  of  these  pattern  cuts  at  different  frequencies,  one  can  determine  the  bandwidth 
over  which  acceptable  gain  is  achieved  for  a  desired  antenna  orientation. 

All  testing  occurred  at  the  AFIT  Anechoic  Chamber,  which  was  approximately  8.3 
feet  wide,  7.9  feet  high,  and  12  feet  deep  and  covered  with  both  17  inch  pyramidal 
absorber  and  wedge  absorber.  It  was  open  on  one  end.  The  transmitting  horn  antenna 
used  to  measure  the  test  antenna  was  located  approximately  3  feet  from  this  open  end. 

The  antenna  pedestal  upon  which  the  antenna  was  mounted  was  located  approximately  3.2 
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feet  from  the  rear  of  the  chamber.  This  made  the  distance  from  the  test  pedestal  to  the 
transmitting  antenna  about  12  feet,  which  made  this  a  far  field  calculation.  The  antenna 
was  mounted  on  a  the  pedestal  so  that  its  height  from  the  base  of  the  chamber  to  its  center 
point  was  43  inches  compared  to  a  height  of  38  inches  for  the  transmitting  horn  antenna. 

As  mentioned  previously,  the  HP8720  Network  Analyzer  and  an  associated 
calibration  kit  along  with  the  appropriate  cables  and  a  printer  were  all  that  was  needed  to 
take  frequency  and  time  domain  reflection  data  such  as  VSWR. 

To  obtain  radiation  pattern  cuts  the  following  equipment  was  used: 

1.  Hewlett-Packard  (HP)  8349B  Microwave  Amplifier 

2.  HP9000  236  Computer  with  associated  antenna  measurement  support  software 

3.  Model  855C  Newport  (pedestal)  Controller 

4.  HP8510B  Network  Analyzer 

5.  HP8515Test  Set 

6.  HP7470  Plotter 

7.  American  Electronics  Laboratories  (AEL)Horn  Antenna 

8.  Peripheral  Cables 

Essentially  the  HP9000  computer  controlled  the  other  equipment  so  that  the  user 
could  follow  a  menu  driven  program  to  obtain  the  radiation  patterns  at  frequencies 
between  2  and  20  GHz. 

As  seen  from  the  radiation  pattern  cuts  in  the  later  Appendices,  the  scale  listed  on 
the  radiation  patterns  using  this  configuration  is  in  dB,  not  dBi.  To  convert  them  to 
meaningful  values,  it  was  necessary  to  take  calibration  measurements  using  an  antenna 
with  known  gain  characteristics  as  a  function  of  frequency.  This  was  done  using  an  AEL 
Model  H-1498  Horn  Antenna.  With  the  absolute  gain  value  now  known  for  a  frequency, 
meaningful  dBi  values  could  be  obtained  by  adding  the  appropriate  calibration  factor  to 
the  measured  data.  These  calibration  factors  for  frequencies  used  in  this  research  are 
included  in  Appendix  E. 
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4.  Detailed  Approach  to  Cavity  Design 


This  chapter  complements  Section  1  of  Chapter  3  by  providing  detailed 
information  relating  to  the  design  of  the  scatterer-filled  cavity.  The  purpose  of  this 
chapter  is  to: 


a.  identify  the  parameters  involved  in  the  cavity  design 

b.  identify  which  of  these  are  variables  in  each  of  the  design  tools 

c.  identify  basic  FSS  behavior  and  use  the  design  tools  to  verify  these  concepts 

d.  identify  Foster's  Reactance  Theorem  and  show  that  it  implies  it  is  impossible 
to  achieve  the  desired  phase  response  when  using  one  or  more  infinite  by 
infinite  FSSs 

e.  identify  the  effect  of  different  parameters  using  the  different  codes 

f.  identify  and  provide  rationale  for  the  choice  of  parameters  used  in  the 
fabricated  designs. 


4.1  Identification  of  Cavity  Parameters 

The  parameters  associated  with  the  cavity  design  fall  into  three  major  categories  - 
the  locations  of  the  slabs,  the  dielectric  constants  of  the  slabs,  and  the  layout  of  the 
scatterers,  if  any,  on  each  slab. 

The  slabs  were  stacked  on  top  of  each  other  within  the  cavity  so  their  1.27  mm 
thickness  determined  their  locations.  Recall  the  design  frequencies  for  the  FSSs  on  each 
slab  was  therefore  based  on  the  multiples  of  1.27  mm  equating  to  the  distance  of  X/4 
below  the  plane  of  the  antenna.  This  uniform  thickness  allowed  for  easy  exploration  of 
design  variations  by  interchanging  the  slabs.  As  indicated  in  Table  4.1  this  thickness 
allowed  the  use  of  up  to  10  layers  of  scatterers  to  try  to  obtain  good  phase  performance 
over  the  3-13  GHz  range.  Note  as  well  that  by  using  slabs  of  uniform  thickness, 
fabrication  of  these  slabs  was  simplified. 
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Table  4.1 

Identiflcation  of  Cavity  Layers 


Layer  Distance  from  the  Plane  of  the  Antenna  Freq  of  A/4  Depth 


cm 

GHz 

1 

All 

37.35 

2 

.254 

18.67 

3 

.381 

12.45 

4 

.508 

9.34 

5 

.635 

lAl 

6 

.762 

6.22 

7 

.889 

5.33 

8 

1.016 

4.67 

9 

1.143 

4.14 

10 

1.270 

3.73 

11 

1.397 

3.39 

12 

1.524 

3.11 

13 

1.651 

2.87 

14 

1.778 

2.67 

15 

1.905 

2.49 

16 

2.032 

2.33 

17 

2.159 

2.19 

The  slabs  were  made  by  Taconic  Plastics  in  Petersburg,  New  York.  The  slab 
material,  known  as  TLX,  had  a  dielectric  constant  of  2.51  and  a  loss  tangent  of  0.0017. 
Had  these  dielectric  constants  not  been  uniform,  the  reflections  due  to  impedance 
mismatches  would  have  resulted  in  degraded  performance.  Though  a  larger  dielectric 
constant  would  have  increased  the  electrical  length  of  the  cavity  and  hence  improved  the 
validity  of  the  modeling  techniques  used,  2.5  was  chosen  because  this  value  is  typically 
used  as  a  substrate  upon  which  elements  are  etched. 

To  simplify  the  description  of  the  variables  associated  with  the  layout  of  the 
scatterers  on  the  slabs,  consider  the  case  of  a  dielectric  slab  in  the  Y-Z  plane  that  contains 
only  one  z-directed  dipole  array.  To  completely  describe  it,  one  would  first  specify  the 
element  geometry.  This  could  be  a  simple  dipole  as  used  in  this  research  or  any  arbitrarily 
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shaped  design.  Second,  one  would  specify  the  separation  distance,  dz,  between  the 
centers  of  adjacent  elements  parallel  to  the  z  axis.  Third,  one  would  identify  the  origin  in 
the  Y-Z  plane  and  identify  the  y  and  z  distances  from  the  origin  to  the  center  of  the 
closest  element. 

By  introducing  multiple  z-directed  arrays,  one  must  identify  their  uniform 
separation  distance  from  adjacent  z-directed  arrays,  dy,  and  also  identify  if  the  arrays  are 
skewed  (reference  Figure  4- 13(a)  for  an  example  of  a  skewed  geometry). 

4.2  Modeling  Capabilities  of  Design  Tools  &  Their  Associated  Outputs 

Recall  from  Chapter  3  Section  3,  that  three  codes  were  used  to  model  the  slabs  as 
frequency  selective  surfaces.  Both  the  OSU  PMM  code  and  transmission  line  code 
modeled  the  geometry  of  a  YZ  plane  having  along  the  y  axis  an  infinite  number  of 
infinitely  long  z-directed  elements.  The  Hoser  code  allowed  the  number  of  infinitely  long 
z-directed  elements  to  be  finite. 

Table  4.2  on  the  next  page  identifies  the  capability  of  each  of  these  codes  to  model 
the  cavity  using  the  parameters  discussed  in  section  4.1. 
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Table  4.2 


Summary  of  Modeling  Capability  of  Design  Tools 


PARAMETER 

OSU  PMM 

T-Line 

Hoser  Code 

Slab  Location 

ICl 

Y 

ICl 

Dielectric  const 

Y 

Y 

EM 

Element  geometry 

Y 

Y 

R1 

Element  dz 

Y1 

Y 

Y2 

Array  dy 

Y 

Y 

Y 

Skewed  arrays 

Finite  number  of 

Y 

Y 

Y 

z-directed  infinitely 
long  arrays 

N 

N 

Y 

Y  =  can  fully  model 

ICl  =  is  indirectly  constrained  by  dz 

EM  =  requires  easy  modification  to  source  code 

R1  =  models  loaded  and  unloaded  dipole  arrays 

Y\=  dz  must  remain  constant  for  multiple  layers 

Y2  =  dzs  must  be  multiples  of  each  other  for  multiple  layers 

N  =  can  not  model 


The  value  of  the  lumped  capacitances  and  inductances  needed  as  inputs  to  the 
transmission  line  code  are  obtained  by  using  the  rigorous  OSU  PMM  code  for  single  layer 
FSS  geometries. 

Both  the  OSU  PMM  code  and  the  transmission  line  code  provide  the  magnitude 
and  phase  of  the  reflection  coefficient  as  their  output.  For  the  finite  by  infinite  case,  the 
Hoser  code  provides  the  real  and  imaginary  components  of  the  backscattered  field 
normalized  by  the  maximum  backscattered  field  associated  with  a  single  infinite  array  of 
always  resonant  dipoles  located  at  the  phase  reference  point. 
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This  output  from  the  Hoser  code  does  not  trace  directly  to  the  magnitude  and 
phase  of  the  reflection  coefficient.  The  detailed  derivation  of  this  constant  is  included  as 
Appendix  A.  A  qualitative  overview  of  the  derivation  follows.  It  begins  with  the 
equation  of  the  electric  field  scattered  from  an  infinite  line  array  of  z-directed  dipoles 
written  in  terms  of  the  incident  field  and  the  array's  self  impedance.  Then,  imposing  the 
constraint  that  forbids  grating  lobes,  and  by  relating  Hankel  functions  that  have  an 
imaginary  argument  to  the  modified  Bessel  function  of  the  second  kind,  the  self  impedance 
is  rewritten  in  terms  of  its  real  and  imaginary  components.  At  this  point,  one  can  revisit 
the  equation  for  the  scattered  electric  field  from  the  array  and,  assuming  the  dipoles  are 
resonant,  obtain  an  expression  for  the  scattered  electric  field  that  is  independent  of  its  self 
impedance  but  dependent  on  the  incident  field  and  a  Hankel  function  having  the 
wavenumber  and  rho  in  its  argument.  The  normalization  constant  is  then  realized  by 
considering  the  large  argument  form  of  the  Hankel  function. 

Reference  Figure  4-1  (all  figures  are  listed  at  the  end  of  this  chapter  -  starting  on 
page  4-16)  for  an  example  of  the  output  for  the  Hoser  code  for  the  basic  case  of  one 
infinite  string  of  dipoles.  The  important  concept  is  that  a  positive  real  component  of  the 
normalized  electric  field  implies  the  existence  of  a  backscattered  field.  When  a 
backscattered  field  does  occur,  it  is  desirable  to  obtain  as  constant  a  phase  response  as 
possible.  This  implies  the  points  on  the  real-imaginary  plane  corresponding  to  different 
frequencies  should  be  as  close  to  each  other  as  possible.  In  the  case  of  Figure  4-1  the 
Hoser  code  predicts  the  resonant  frequency  of  this  one  infinite  z-directed  array  is  9.0  GHz. 
This  assumes  the  array  is  in  free  space.  After  dividing  this  by  the  square  root  of  the 
dielectric  constant  to  account  for  the  fact  the  this  array  is  not  in  free  space,  the  code 
predicts  a  resonance  at  5.7  GHz,  only  0.5  GHz  below  what  PMM  predicts  based  on  the 
case  of  using  an  infinite  number  of  these  same  z-directed  arrays  separated  by  A/4  along  the 
y  axis  in  the  Y-Z  plane. 


4-5 


4.3  Fundamental  FSS  Behavior  Relating  to  Design  Process 


Ideally  each  layer  in  the  cavity  would  have  a  very  narrow  resonance  at  its  design 
frequency.  Earlier  research  conducted  at  OSU  showed  that  increasing  dy,  the  distance 
between  the  infinite  arrays  of  z-directed  elements,  narrows  the  resonant  bandwidth.  Given 
the  2.5  inch  diameter  of  the  cavity,  wider  separation  of  arrays  could  lead  to  less  total 
number  of  z-directed  arrays. 

4.4  Implications  of  Foster's  Reactance  Theorem  for  the  Cavity  Design 

Foster's  Reactance  Theorem  states  the  slope  of  the  reactance  or  susceptance  for  a 
loss-free  one  port  network  is  always  positive  [4].  One  important  consequence  of  this  is 
that  all  poles  and  zeros  of  the  reactance  or  susceptance  function  for  a  loss  free  one  port 
network  are  simple.  Furthermore,  these  poles  and  zeros  must  alternate  as  the  frequency  is 
increased  or  decreased  [5].  Therefore,  for  the  case  of  an  arbitrary  number  of  lossless 
infinite  by  infinite  arrays  of  elements  excited  by  plane  waves  of  varying  frequencies,  it  is 
impossible  to  achieve  a  constant  phase  response.  Though  this  does  not  bode  well  for  the 
design  of  a  cavity  that  can  offer  broadband  performance,  one  must  remember  that  the 
actual  design  is  based  on  a  finite  2.5  square  inch  cavity  dimension  and  the  elements  do 
contain  some  loss. 

4.5  Design  Insights  Gained  Using  the  First  of  Three  Modeling  Tools;  OSU  PMM 

A  systematic  approach  using  each  of  the  three  tools  was  used  to  identify  the  effect 
of  changing  the  different  parameters  identified  in  section  4.1.  Starting  with  the  OSU 
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PMM  code,  these  effects  will  be  explored  by  beginning  with  the  simplest  case  of  one 
infinite  by  infinite  array  and  then  progressing  to  designs  using  up  to  four  layers. 

For  this  basic  one  array  case  the  baseline  output  is  shown  in  Figure  4-2(a&b).  Note  the 
geometry  is  described  pictorially  in  part  (a)  of  this  figure.  The  design  uses  a  nonskewed 
grid  layout,  a  relative  dielectric  constant  of  2.5  everywhere,  a  phase  reference  point  at  the 
plane  of  the  antenna  and,  as  with  all  the  PMM  runs,  three  modes  per  element.  The  design 
has  the  following  geometry: 

distance  from  antenna's  plane  =  0.76  cm  (0.25X  at  12.4  GHz  for  ej-=2.5) 

dz=  2.14  cm  (0.70^) 

dipole  length  =  1.89  cm  (0.62A,) 

dipole  radius  =  1.53  cm  (0.05A,) 

Distance  from  phase  reference  point,  which  is  the  plane  of  the  antenna;  x: 

Figure  4-3  (a&b)  demonstrates  x  =  0.15A, 

Figure  4-4(a&b)  demonstrates  x  =  0.35?l 

Interelement  Separation;  dz; 

Figure  4-5(a&b)  demonstrates  dz  =  0.65?i 
Figure  4-6(a&b)  demonstrates  dz  -  0.75X. 

Dipole  Length;  L: 

Figure  4-7(a&b)  demonstrates  L  =  0.55A, 

Figure  4-8(a&b)  demonstrates  L  =  0.69X 

Dipole  Width;  w; 

Figure  4-9(a&b)  demonstrates  w  =  0.025L 
Figure  4-10(a&b)  demonstrates  w  =  0.100?i 

Array  Separation;  dy: 

Figure  4-1  l(a&b)  demonstrates  dy  =  0.15?i 
Figure  4-12(a&b)  demonstrates  dy  =  0.35A. 

Grid: 

Figure  4-13  demonstrates  skewed  grid  version  of  baseline  design 
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By  analyzing  the  magnitude  plots  as  each  of  the  parameters  is  changed,  one  may 
conclude  that,  for  a  given  sinlge  layer  FSS  geometry,  one  may  sharpen  the  resonance  by 
taking  the  following  steps:  increasing  dz  (until  it  is  on  the  order  of  one  wavelength), 
keeping  L  near  its  A/2  value,  decreasing  the  dipole's  width,  or  by  increasing  dy. 

The  effect  of  varying  the  five  parameters  on  the  phase  of  the  reflection  coefficient 
is  of  primary  concern  for  this  research.  As  expected  from  Foster's  Reactance  Theorem, 
the  slope  of  the  reflection  coefficient's  phase  remains  negative  in  each  case. 

Before  addressing  the  case  of  the  two  layer  design,  note  the  results  of  Table  4.3 
which  identifies  the  effect  of  varying  the  dipole  length  and  the  interelement  separation,  dz, 
for  the  layer  corresponding  to  2.38  GHz.  Observe  that  grating  lobes  become  a  problem 
when  the  dz  parameter  exceeds  a  value  equal  to  one  wavelength  since  they  occur  at  or 
below  the  designed  resonant  frequency. 
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Table  4.3 


EFFECT  OF  VARYING  DIPOLE  LENGTH  AND  INTERELEMENT 

SEPARATION 


Dipole  Length 

dz 

Resonant  Freq 

First  Appearance 

in  terms  of  A, 

in  A 

in  GHz 

of  Grating  Lobe 

in  GHz 

.65 

1.0 

2.29 

2.4 

0.7 

2.38 

3.5 

.62 

1.24 

2.19 

2.0 

1.1 

2.24 

2.2 

1.0 

2.35 

2.4 

0.9 

2.43 

2.7 

0.8 

2.49 

3.1 

0.7 

2.49 

3.5 

.55 

1.1 

2.43 

2.2 

1.0 

2.46 

2.4 

0.9 

2.60 

2.7 

0.8 

2.69 

3.1 

0.7 

2.74 

3.5 

0.6 

2.71 

4.1 

.50 

1.5 

2.81 

1.6 

1.0 

2.63 

2.4 

0.9 

2.72 

2.7 

0.8 

2.85 

3.1 

0.7 

2.93 

3.5 

0.6 

2.96 

4.1 

0.55 

2.92 

4.5 

.45 

0.8 

3.01 

3.1 

0.7 

3.14 

3.5 

0.6 

3.21 

4.1 

0.5 

3.17 

4.9 

.38 

1.0 

3.49 

2.4 

0.7 

3.46 

3.5 

0.6 

3.61 

4.1 

0.5 

3.68 

4.9 

0.4 

3.50 

6.2 
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Now  consider  the  case  of  using  two  layers  of  infinite  by  infinite  arrays.  Four 
different  designs  were  explored.  The  constraint  that  the  interelement  distance  dz  remain 
constant  implied  that  this  parameter  was  equal  to  a  value  dictated  by  the  lowest  frequency 
array.  Another  implication  of  this  dz  constraint  was  that  grating  lobes  were  likely  to  arise 
since  these  appear  when  dz  is  on  the  order  of  one  wavelength.  These  grating  lobes  are 
indicated  by  the  T1  annotation  in  Figures  4-14  through  4-19.  As  expected  from  the 
insight  provided  by  Foster's  Reactance  theorem,  the  phase  performance  of  these  designs  is 
just  terrible.  Note  that  as  additional  layers  are  added,  another  pole  and  zero  are 
introduced  with  the  expected  results  indicated  in  the  following  figures. 


Fig.(14(a&b)) 

Fig.(15(a&b)) 

Fig.(16(a&b)) 

Fig.(17(a&b)) 

Top  Layer 

X  0.38  cm 

0.38 

0.38 

0.51 

dz  1.42  cm 

1.78 

2.14 

2.14 

L  0.85  cm 

0.82 

0.75 

1.01 

w  0.076  cm 

0.076 

0.076 

0.076 

dy  0.38  cm 

0.38 

0.38 

0.51 

Bottom  Layer 

X 

0.51 

0.64 

0.76 

0.76 

dz 

1.42 

1.78 

2.14 

2.14 

L 

1.26 

1.57 

1.89 

1.81 

w 

0.102 

0.127 

0.153 

0.153 

dy 

0.51 

0.64 

0.76 

0.76 

Again,  for  the  three  and  four  layer  designs 

in  Figures  4-18(a&b)  and  4-19(a&;b), 

note  the  implications  of  Foster's  Reactance  Theorem  —  that  there  are  phase  reversals 
between  the  zeros  that  correspond  to  the  design  frequencies. 
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4.6  Design  Tnsights  Gained  Using  the  Second  Tool;  Transmission  Line  Code 


Recall  from  Chapter  3  Section  3,  this  code  relies  on  the  equivalent  circuit  LC 
parameters  obtained  from  the  OSU  PMM  code  (when  it  is  mn  to  model  a  single  infinite  by 
infinite  case)  to  model  both  single  and  multiple  arrays.  A  copy  of  the  source  code  listing  is 
included  in  Appendix  B.  It  is  based  on  the  theory  of  small  reflections  as  described  by  E.F. 
Knott  [10].  Though  it  still  only  modeled  the  case  of  infinite  by  infinite  arrays  as  did  the 
OSU  PMM  code,  it  added  value  to  the  design  process  for  two  reasons.  First,  without  the 
OSU  PMM  code's  constraint  that  dz  remain  constant,  one  could  model  more  realistic 
multilayer  cavity  designs.  Second,  the  run  time  was  dramatically  reduced.  For  example,  a 
three  layer  design  run  in  PMM  ranging  over  80  different  frequency  points  required  about 
30  minutes  on  a  486DX2  66MHz  computer  with  8  Meg  of  RAM  whereas  this 
transmission  line  code  took  less  than  a  minute. 

First  consider  the  basic  one  layer  infinite  by  infinite  case  examined  in  the  previous 
OSU  PMM  section.  Based  on  obtaining  the  values  of  L=3188  pH,  Cl=.205  pF,  and 
C2=.01076  pF  from  PMM,  note  how  well  Figure  4-20(a&b) ,  which  is  based  on  this 
transmission  line  model,  compares  to  the  OSU  PMM  output  in  Figure  4-2(a&b). 

Next  consider  two  different  two  layer  cases.  The  first  one  in  Figure  4-21(a&b) 
corresponds  to  the  layers  modeled  by  the  OSU  PMM  code  in  Figure  4-16(a&b).  Note 
that  the  comparisons  are  good  up  until  the  grating  lobes  appear.  The  second  two  layer 
case  shown  in  Figure  4-22(a&b)  is  designed  for  the  same  frequencies  but  uses  a  smaller 
more  realistic  value  of  dz  for  the  top  layer  to  emphasize  the  fact  that  in  this  code  the 
interelement  separations  can  indeed  be  different  for  each  layer.  Comparing  these  two 
designs,  one  can  see  that  the  magnitude  of  the  reflection  coefficient  is  almost  0  dB  at  the 
design  frequencies.  However,  in  both  designs,  the  phase  plots  imply  poor  performance  at 
the  antenna's  plane,  which  is  the  phase  reference  point. 
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Now  consider  a  four  layer  case.  Figure  4-23(a&b)  corresponds  to  the  design 
modeled  by  the  OSU  PMM  code  in  Figure  4-19(a&b).  In  this  case,  the  agreement  of  the 
magnitude  performance  is  poor  even  at  frequencies  below  which  grating  lobes  occur. 

Also  note  the  effect  of  Foster's  Reactance  Theorem  can  be  seen  by  the  phase  reversals  at 
about  8.3  GHz  and  1 1  GHz,  which  is  between  the  zeros  at  the  design  frequencies  of  12.4, 
9.3  and  7.4  GHz. 

Numerous  other  runs  were  made  using  this  transmission  line  code  to  achieve  as 
constant  a  phase  response  as  possible.  Appendix  C  contains  a  listing  of  the  values  the 
OSU  PMM  code  provided  for  the  equivalent  circuits  associated  with  many  different  single 
layer  designs. 

4.7  Design  Tn.sights  Gained  Using  the  Third  Tool;  Hoser  Code 

Being  able  to  consider  a  finite  number  of  z-directed  dipole  arrays  with  this  code 
provided  much  more  realistic  modeling  capability  compared  to  the  previous  two  codes 
that  modeled  doubly  infinite  periodic  cases.. 

Much  of  the  emphasis  in  terms  of  identifying  a  promising  design  was  placed  on 
exploring  two  layer  designs  using  the  12.4  and  6.2  GHz  layers.  There  were  two  reasons 
for  this.  First,  considering  the  electrical  length  of  the  cavity,  results  at  the  higher 
frequencies  were  more  consistent  with  the  infinite  array  assumption  inherent  in  the  Hoser 
code  when  compared  to  other  lower  frequency  designs.  Recall  the  dz  restriction  in  this 
code,  that  they  must  be  multiples  of  each  other,  meant  that  the  12.4  and  6.2  layer  design 
was  the  best  two  layer  design  available  when  using  electrical  length  as  the  criteria.  Second, 
after  obtaining  a  promising  design  using  these  two  frequencies,  it  would  be  advantageous 
to  explore  inserting  a  third  layer  designed  for  resonance  at  3.1  GHz.  The  potential  third 
layer  for  designs  other  than  those  starting  with  the  12.4  GHz  or  9.3  GHz  layer  required 
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the  third  layer  to  resonate  at  a  frequency  that  would  exceed  the  2.3  GHz  lower  limit  of  the 
antenna's  capabilities. 

Examples  of  outputs  from  this  code  will  be  reviewed  as  follows.  First,  these 
examples  will  provide  insight  into  the  effect  of  changing  the  parameters  for  the  two 
different  one  layer  cases  below.  After  this,  the  best  two  layer  designs  will  be  identified. 
Following  this,  the  actual  layer  designs  that  were  fabricated  will  be  identified.  In  addition, 
their  predicted  performance  (using  the  Hoser  code)  when  combined  in  different  ways  will 
be  identified. 

First,  consider  the  one  layer  case  below.  Note  that  the  frequencies  range  from  2  to 
23  GHz.  This  is  because  the  Hoser  code  assumed  the  relative  dielectric  constant  was 
unity.  By  dividing  the  frequency  on  the  output  plots  by  1.58,  the  square  root  of  the 
dielectric  constant  used,  one  can  convert  these  frequencies  to  their  true  value  in  the  cavity. 


One  laver  case  with  one  arrav: 

Distance  from  phase  reference  point; 

Figure  4-24 

Interelement  Separation,  dz; 

Figure  4-25 

Dipole  length; 

Figure  4-26 

Dipole  radius; 

Figure  4-27 

One  laver  case  with  more  than  one  arrav: 

Baseline  design; 

Figure  4-28 

Number  of  z  directed  Arrays; 

Figure  4-29 

Array  Separation,  dy; 

Figure  4-30 

One  can  draw  the  following  conclusions  from  Figures  4-24  through  4-27  for  the 
one  layer  case  with  one  array.  First,  from  Figure  4-24  one  observes  that  a  slight 
counterclockwise  rotation  of  the  plot  can  be  realized  by  increasing  the  distance  from  the 
phase  reference  point.  This  is  in  agreement  with  the  concept  that  a  layer  containing 
scatterers  will  provide  constructive  interference  at  the  antenna's  plane  when  the  layer's 
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depth  equates  to  A/4.  From  Figure  4-25  one  observes  the  resonant  frequency  can  be 
decreased  slightly  by  decreasing  the  interelement  spacing.  As  expected,  Figure  4-26 
shows  that  a  dipole  of  length  0.55A  resonates  at  a  lower  frequency  than  a  shorter  dipole  of 
length  0.45A.  From  Figure  4-27  one  observes  that  the  dipole  radius  has  very  little  effect  on 
the  resonance  of  the  array;  there  is  just  a  slight  increase  in  resonant  frequency  as  the  radius 
decreases. 

One  can  draw  the  following  conclusions  from  Figures  4-28  through  4-30  for  the 
one  layer  case  with  more  than  one  dipole  array.  First,  from  Figure  4-29  one  observes  that 
increasing  the  number  of  z-directed  arrays  does  not  significantly  change  the  shape  of  the 
curve  but  does  scale  it  in  proportion  to  the  number  of  arrays  used.  Second,  from  Figure 
4-30  one  observes  that  increasing  the  separation  between  adjacent  z-directed  arrays  again 
does  not  significantly  change  the  shape  of  the  curve  but  instead  has  the  effect  of  scaling  it, 
increasing  the  curve  as  dy  increases.  This  is  consistent  with  what  was  observed  with  the 
OSU  PMM  code  -  that  increasing  dy  sharpens  the  resonance. 

The  two  designs  that  looked  most  promising  after  exploring  numerous  two  layer 
possibilities  are  included  in  Figure  4-31  and  Figure  4-32.  The  first  figure  outlines  a  design 
using  scatterers  on  the  layers  corresponding  to  the  6.2  and  3.1  GHz  layers  of  the  cavity. 
Note  how  the  frequencies  are  grouped  together  between  8-14  GHz,  which  scales  to  5-9 
GHz  after  dividing  by  the  1.58  dielectric  normalization  factor.  In  addition,  frequencies 
from  about  7-17  GHz  unsealed,  4.4-10.8  GHz  scaled,  exhibit  a  positive  real  component  of 
the  normalized  backscattered  field.  The  second  figure  outlines  a  design  using  scatterers  on 
the  layers  corresponding  to  12.4  and  6.2  GHz.  The  frequencies  containing  a  positive  real 
component  of  the  backscattered  normalized  field  range  between  7-15.5  GHz  unsealed, 
4.4-9.8  GHz  scaled,  with  a  small  loop  occurring  between  1 1-14  GHz  unsealed,  7-8.9  GHz 
scaled.  The  parameters  associated  with  these  two  designs  are  listed  in  Table  4.4  which 
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describes  the  fabricated  designs  of  all  the  cavity  layers  that  contain  scatterers.  These  five 
layers  are  pictured  in  Figure  4-33. 


Table  4.4 

SUMMARY  OF  DESIGNS  OF  FABRICATED  CAVITY  LAYERS 


Design 

#of 

# 

Freq 

GHz 

Arrays 

Dipoles 

per 

Array 

12.4 

1 

7 

6.2 

2 

4 

6.2 

5 

3 

3.1 

5 

2 

3.1 

7 

2 

Dipole 

Dipole 

DZ 

Radius 

Length 

cm 

cm 

cm 

.066 

.0764 

0.844 

.100 

1.515 

1.590 

.066 

1.515 

1.590 

.100 

2.870 

3.035 

.100 

2.870 

3.035 

Locations  of  z-directed 
Arrays  on  y  axis 
cm 

0 

±0.46 

0,  ±0.76,  ±1.52 
0,  ±0.76,  ±1.52 
0,  ±0.76,  ±1.52,  ±2.28 


Included  in  Figure  4-34  is  the  output  associated  with  the  a  12.4  and  6.2  GHz  two 
layer  design  that  shared  the  same  electrical  lengths  as  the  best  6.2  and  3.1  GHz  design. 

Frequencies  from  15  to  at  least  23  GHz  unsealed,  9.5  to  14.5  GHz  scaled,  have  an 

associated  positive  real  component  of  the  normalized  backscattered  field. 

Included  in  Figure  4-35  is  the  output  associated  with  the  best  three  layer  design 
possible  using  the  layers  corresponding  to  the  first,  third,  and  fifth  entries  in  Table  4.4. 
The  effect  of  varying  the  locations  of  these  slabs  within  the  cavity  can  be  seen  from  the 
Hoser  Code  outputs  included  in  Appendix  D. 

The  final  designs  all  shared  one  concept  -  that  the  number  of  dipole  arrays  per 
layer  increases  as  the  layers  progress  deeper  into  the  cavity.  This  makes  sense  when  one 
recalls  that  the  scatterers  on  a  layer  do  not  have  the  ideal  extremely  narrow  resonance 
characteristics  desired.  So  instead  of  reflecting  well  only  at  their  design  frequency  they 


4-15 


scatter  incident  waves  over  a  range  of  frequencies.  By  having  the  same  number  of  arrays 
in  each  layer,  the  low  frequency  waves  would  be  greatly  affected  by  the  upper  layers  (both 
on  the  way  down  and  again  on  the  way  back). 
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-to  -.5  0  .5  to 


Real  Component  of  Normaized  BacKsoattered  Reid 


Figure  4-1  Example  of  Hoser  Code  Output  For  One  Array  Case 
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Phase  of  Reflection  Coef  (deg) 


6.2  GHz  Design  With  X=0.25  Lambda 


6.2  GHz  Design  With  X  -  0.25 Lambda 


Frequency (GHz) 

Figure  4-2  (a&b)  PMM  Code  Output  For  Baseline  6.2  GHz  Design  With  X  =  0.25A, 
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Phase  of  Reflection  Goef  (deg) 


6.2  GHz  Design  With  X=0.15  Lambda 


Frequency  (GHz) 


6.2  GHz  Design  With  X  - 0.15 Lambda 


Frequency (GHz) 

Figure  4-3  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  X  =  0. 15A, 
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Phase  of  Reflection  Coef  (deg) 


6.2  GHz  Design  With  X=0.35  Lambda 


2.  4.  6.  8.  10.  12. 

Frequency  (GHz) 


e.2  GHz  0«sl9n  With  X-0.3E Lambda 


Frequency (GHz) 

Figure  4-4  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  X  =  0.35X 
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6.2  GHz  Design  With  DZ  =  0.65  Lambda 


2.  4.  6.  8.  10.  12. 

Frequency  (GHz) 


6.2  GHz  Design  With  OZ- 0.65 Lambda 


Frequency (GHz) 

Figure  4-5  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  DZ=  0.65^ 
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DZ  =  0.75  Lambda 


Phase  of  Reflection  Coef  (deg) 


6.2  GHz  DesigrvWfth  L  =  0.55  Lambda 


2.  4.  6.  8.  10.  12. 

Frequency  (GHz) 


6.2  GHz  Design  With  L  - 0.55 Lambda 


Frequency (GHz) 

Figure  4-7  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  L=  0.557, 
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6.2  GHz  Design  With  L  =  0.69  Lambda 


2.  4.  6.  8.  10.  12. 


Frequency  (GHz) 


6.2  GHz  Design  With  L  - 0.69 Lambda 


Frequency (GHz) 

Figure  4-8  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  L=  0.69A, 
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Phase  of  Reflection  Goef  (deg) 


6.2  GHz  Design  With  W  =  0.025  Lambda 


&2  GHz  Design  With  W  -  0.025 Lambda 


Frequency (GHz) 

Figure  4-9  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  Widi  W=  0.025?^, 
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Phase  of  Refiectioh  Goof  (deg) 


6.2  GHz  Design  With  W  =  0.1  Lambda 


2.  4.  6.  8.  10.  12. 

Frequency  (GHz) 


6l2  GHz  Design  With  W  -  0.1Lambda 


Frequency (GHz) 

Figure  4-10  (a&b)  PMM  Code  Output  For  6.2  GHz  D^i^  With  W=  0. 1 X 
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Phase  of  Reflection  Coef  (deg) 


6.2  GHz  Design  With  DY  =  0.15  Lambda 


2.  4.  6.  8.  10.  12. 

Frequency  (GHz) 


GHz  Design  With  OY- 0.15 Lambda 


Frequency (GHz) 

Figure  4-11  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  DY=  0. 1 5X 
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Phase  of  Reflection  Goef  (deg) 


6.2  GHz  Design  With  DY  =  0.35  Lambda 


B2  GHz  Design  With  OY- O^SLambda 


Frequency  (GHz) 

Figure  4-12  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  DY=  0.35X, 
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Phase  of  Reflection  Goof  (deg) 


6.2  GHz  Design  With  X=0.25  Lambda  and  Skewed  Grid 


6.2  GHz  Design  With  Skewed  Grid 


Frequency (GHz) 

Figure  4-13  (a&b)  PMM  Code  Output  For  6.2  GHz  Design  With  Skewed  Grid 


2  Layer  Design  (12.4,9.3GHz];  D2=1. 4217cm 


2  Layer  Design  (12.4, 9.3GHz);  DZ-142an 


Frequency  h  GHz 

Figure  4-14  (a&b)  PMM  Code  Output  For  First  Two  Layer  Design 
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2  Layer  Design  (12.4,  7.5GHz);  Dz  =  1.78cm 


Frequency  (GHz) 


2  Layer  Design  (12.4, 7.5GHz):  DZ-t78cm 


Figure  4-15  (a&b)  PMM  Code  Output  For  Second  Two  Layer  Design 
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Phase  of  Reflection  Coefficient  h  Degrees  Reflection  (dB) 


2  Array  Design  (12.4,  6.2GHz):  Dz  =2.1 35cm 


4.  6.  8.  10.  12.  14. 

Frequency  (GHz) 


2  Layer  Design  (12.4. 6.2GHz);  DZ-2.14€ni 


Frequency  h  GHz 

Figure  4- 16  (a&b)  PMM  Code  Output  For  Third  Two  Layer  Design 
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2  Array  Design  (9.45,  6.22GHz),  Dz=2.14cm 


■f2  ' - ^ _ I _ > _ I _ u _ I _ I _ I 

4.  6.  8.  10.  12. 

Frequency  (GHz) 


2  Layer  Design  (9.45, 6.22GHz);  DZ«214cni 


Frequency  h  GHz 

Figure  4- 1 7  (a&b)  PMM  Code  Output  For  Fourth  T wo  Layer  Design 
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3  Layer  Design  (12.4,  9.3,  7.5GHz),  Dz=  1.78cm 


3  Layer  Design  (12.4, 9.4, 7.5GHz),  DZ- 178cm 


Frequency  h  GHz 

Figure  4-18  (a&b)  PMM  Code  Output  For  Three  Layer  Design 
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Phase  of  Reflection  Coefficient  h  Degrees 


4  Layer  Design  (12.4, 9.3, 7.4, 6.2GHz),  Dz  =  2.14cm 


Frequency  (GHz) 


4  Layer  Des^n  (12.4, 9.4, 7.4, 6j2GHz),  DZ- 2.14cm 


Frequency  n  GHz 

Figure  4-19  (a&b)  PMM  Code  Output  For  Four  Layer  Design 
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T-Line  Output  For  6.2 GHz  Design  In  Fig  4-2 


T-*»  2  layer  design  (12.4.65GHz)  with  constant  dz- 21401!.  dy-fetf7ibda/4 


T-^  2  layer  design  (124.65GHz)  but  top  layer  now  changed 


Frequency  n  GHz 

Figure  4-2 1  (a&b)  Transmission  Line  Code  Output  For  First  Two  Layer  Design 
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T-hs  2  layer  design  (12.4.6^GHz)  but  top  layer  now  changed 


T4ne  2  layer  design  (12.4.8^GHz)  with  constant  dz-214€fTi.  dy-lanibda/4 


Frequency  h  GHz 

Figure  4-22  (a&b)  Transmission  Line  Code  Output  For  Second  Two  Layer  Design 
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0 


1245.9.34,7.47.622  Arrays 
based  on  6.22  dictated  dZ 


Effect  of  Varyiig  the  Parameter  X  for  the  65  GHz  layer 


Figure  4-24  The  Effect  of  Var^'ing  The  X  Parameter  in  The  Hoser  Code  For  One  Layer 
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Imaginary  CorT|)onent  of  Normaized  Backscattered  Field 


Effect  of  Varyhg  the  Parameter  DZ  for  the  6j5  GHz  Layer  (one  array) 


-to  -5  0  .B  to 


Real  Component  of  Normaized  Backscattered  Fieid 


Figure  4-25  The  Effect  of  Varying  The  DZ  Parameter  in  The  Hoser  Code  For  One  Layer 


Effect  of  Varyhg  the  Parameter  of  Ler^  for  62  GHz  Layer 


Real  Component  of  Normaized  Backscattered  Reid 


Figure  4-26  The  Effect  of  Vary'ing  The  L  Parameter  in  The  Hoser  Code  For  One  Layer 
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hiaginary  Component  of  Normaized  Backscattered  Reid 


Effect  of  Varyhg  the  Parameter  r- radius  for  the  6J2  GHz  Layer 


Rea!  Component  of  Normaized  Backscattered  Reid 


Figure  4-27  The  Effect  of  Var^’ing  The  R  Parameter  in  The  Hoser  Code  For  One  Lajor 
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Baselw  6^2  GHz  Layer  with  Three  Arrays 


2  1 _ I _ III! _ I _ I _ ! _ 1 _ I _ 1 _ I _ i - 1 - 1 - 1 - ! - 1 - 1 - 1 

-2-1  0  12 


Real  Component  of  Normalzed  Backscattered  Field 


Figure  4-28  The  Hoser  Code  Output  For  The  Baseline  One  Layer  Three  Array  Design 
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Effect  of  Varyhg  Nunber  of  Arrays  for  0r«  Layer  Des^  at  6^2GHz 


Figure  4-29  The  Effect  of  Adding  More  Arrays  To  The  Baseline  Design 
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Effect  of  Varyhg  DY  for  0r«  Layer  Design  at  6^2  GHz  with  Three  Arrays 


Real  Component  of  Normaized  Backscattered  Reid 


Figure  4-30  The  Effect  of  Varying  DY  In  The  Baseline  Design 
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Two  Layer  Design  ^  3.1  GHz) 


Real  Componerft  of  NonnaJlzed  BaoKscattered  f=leld 


Figme  4-3 1  The  Best  Two  Layer  Design  As  Predicted  By  The  Hoser  Code 
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imagtary  Component  of  Norniabed  Badksoetterod  ReM 


Two  Layer  Oesi^  (12-4,  €i2  GHz) 


Real  Componertf  of  Nomebed  ead^scattered  m 


Figure  4-32  The  Hoser  Code  Output  Associated  With  An  Alternative  Two  Layer  Design 
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Figure  4-33  The  Five  Fabricated  Slabs  Containing  Scatterers;  (a)  corresponds  to  the  first 
entry  in  Table  4.4  whereas  (e)  corresponds  to  the  final  entry  in  Table  4.4 
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Figure  4-34  The  Hoser  Code  Output  Associated  With  A  Third  Two  Layer  Design 
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Figure  4-35  The  Hoser  Code  Output  Associated  With  The  Best  Three  Layer  Design 
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5.  Antenna  &  Feed  Design 


The  log  periodic  trapezoid  wire  antenna  used  for  testing  is  pictured  in  Figure  5-1. 
This  antenna  was  chosen  rather  than  a  spiral  antenna  due  to  polarization  considerations, 
for  linearly  polarized  waves  were  desired.  The  antenna  was  placed  at  the  top  of  the  cavity 
such  that  its  radiating  elements  were  parallel  to  the  z  directed  arrays  of  scatterers  in  the 
cavity. 

The  design  approach  for  the  log  periodic  antennas  involved  assuming  the  dielectric 
constant  to  he  the  average  of  air  and  the  substrate  material.  This  resulted  in  a  value  of 
1.75.  Then  an  iterative  approach  was  used  based  on  the  method  of  keeping  the  ratios  of 
the  distances  between  adjacent  pairs  of  dipoles  the  same  as  the  ratio  of  the  length  of 
adjacent  dipoles[l].  The  results  of  this  method  are  included  in  the  table  below  where  the 
ratio  described  above  is  1.215  and  dx  is  the  separation  between 
adjacent  elements. 


Table  (5.1) 

Summary  Of  Log  Periodic  Trapezoid  Wire  Design 


Dipole  length 

DX 

Distance  from  feed 

Resonant  Freq.  of 

cm 

cm 

cm 

of  Dipole,  GHz 

0.700 

0.25 

16.2 

0.8505 

.1 

0.35 

13.33 

1.033 

.1215 

0.4715 

10.93 

1.2556 

.1476 

0.6191 

9.03 

1.5255 

.1794 

0.7985 

7.43 

1.8534 

.2179 

1.0164 

6.12 

2.2520 

.2648 

1.2812 

5.04 

2.7361 

.3217 

1.6029 

4.14 

3.324 

.3909 

1.9938 

3.41 

4.039 

.4749 

2.4687 

2.81 

4.907 

.5770 

3.0450 

2.31 
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Note  from  Table  5.1  that  this  antenna  has  resonances  associated  with  each  dipole. 
Therefore  these  resonances  must  be  taken  into  consideration  along  with  the  resonances  of 
the  cavity  when  the  radiation  pattern  results  are  analyzed. 

Since  soldering  and  unsoldering  the  feed  lines  to  the  antenna  feed  points  tended  to 
ruin  the  antenna  after  a  while  (the  first  antenna  lasted  5  soldering-unsoldering  cycles),  two 
extra  antennas  sharing  the  same  dimensions  were  fabricated. 

The  third  integral  part  of  the  antenna  besides  the  cavity  and  the  radiating  antenna 
itself  is  the  feed  network.  The  objective  in  feeding  the  antenna  was  to  achieve  a  constant 
180  degree  phase  shift  between  the  two  feed  ports  of  the  antenna.  In  an  attempt  to 
achieve  this,  the  input  signal  carried  by  a  50  ohm  cable  was  fed  into  a  hybrid  device,  with  a 
100  ohm  input  impedance,  that  divided  the  input  signal  into  two  signals  that  were  180 
degrees  out  of  phase  at  the  two  exit  ports.  The  specified  lower  and  upper  frequency  limits 
on  the  hybrid  were  2  and  12.4  GHz  respectively.  Then  two  semi-rigid  RG58  AAJ  type 
coaxial  cables  of  identical  electrical  length  (ideally)  with  a  characteristic  impedance  of  50 
ohms  and  an  outer  diameter  of  0.2  inches  were  run  from  the  output  ports  of  the  hybrid, 
through  the  center  of  the  bottom  of  the  cavity,  and  up  to  the  antenna's  two  feed  points. 

The  outer  conductors  of  these  two  cables  were  shorted  together  to  prevent  floating  and 
the  exposed  inner  conductor  of  each  cable  was  then  soldered  to  one  of  the  antenna's  feed 
points.  An  area  just  large  enough  for  the  cables  to  pass  through  was  drilled  out  of  each 
dielectric  slab.  Except  for  the  two  array  dielectric  slab  in  which  the  dipoles  were  offset 
from  the  centerline,  this  meant  that  the  center  dipole  array  elements  were  drilled  through. 
The  hybrid  and  coaxial  cables  were  placed  behind  the  18  inch  by  18  inch  metal 
groundplane,  the  antenna  support  unit,  that  housed  the  cavity  in  its  center.  The  hybrid 
unit,  about  a  0.3  inches  thick,  3  inches  wide,  and  6  inches  long,  rested  on  the  hardware 
that  mounted  the  antenna  support  unit  to  the  pedestal. 
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Figure  5-1:  Log  Periodic  Antenna  Designed  for  2.3  - 16.0  GHz 
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Chapter  6:  Results  and  Analysis 


Five  different  cavity  designs  were  tested  to  assess  the  viability  of  improving  the 
performance  of  a  cavity-backed  log  periodic  trapezoid  wire  antenna  by  modifying  its 
cavity.  One  design  used  scatterers  just  on  one  dielectric  slab,  the  next  three  designs  used 
scatterers  on  two  dielectric  slabs,  and  the  fifth  design  used  scatterers  on  three  dielectric 
slabs.  Results  from  these  five  designs  provide  sufficient  data  to  conclude  that  increased 
gain  compared  to  the  traditional  absorber-filled  cavity  design  is  achievable  over  certain 
frequencies  by  modifying  the  cavity  as  done  here. 

Besides  results  from  the  five  designs  mentioned  above,  results  were  obtained  for 
two  baseline  cases  that  served  as  the  criteria  against  which  to  judge  the  performance  of 
each  cavity  design.  Recall  fi'om  Chapter  3  Section  5  that  these  were  the  absorber-filled 
and  dielectric-filled  cavities.  The  reader  is  referred  to  that  section  for  a  review  of  the  test 
approach. 

Measurement  errors  in  the  pattern  cut  and  VSWR  measurements  were  small.  The 
peak  gain  values  from  the  radiation  pattern  cuts  were  provided  by  the  test  equipment. 
However,  it  was  necessary  to  read  data  points  off  the  pattern  cut  plots  for  the  normal 
incidence  gain,  the  bandwidth,  and  the  number  of  degrees  away  from  normal  incidence 
that  the  peak  gain  occurred,  known  as  the  squint.  Some  error  may  have  been  introduced 
in  the  calibration  procedure  due  to  slight  differences  between  the  calibration  hom  and  its 
specifications  and  because  it  appeared  the  calibration  curve  consisted  of  measurements 
taken  at  integer  frequencies  with  an  assumed  hnear  interpolation  between  these  integer 
frequencies.  Reference  Appendix  E  for  the  calibration  data. 

Additional  factors  also  contributed  to  the  differences  that  will  be  seen  between  the 
measured  and  predicted  results.  One  factor  is  that  the  dielectric  slabs  were  not  fully  flush 
against  each  other  and  that  the  final  layer  containing  the  copper  tape  was  not  always 
perfectly  vertical.  Increased  spacing  between  the  slabs  would  imply  the  resonances  should 
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occur  at  lower  frequencies  than  originally  predicted.  In  addition,  radiation  that  reached 
the  copper  tape  covered  deepest  slab  was  reflected  back  towards  the  antenna  causing 
different  types  of  interference  as  the  frequency  varied.  More  importantly,  the  Hoser  code 
modeled  the  dipole  arrays  as  infinite  by  finite  geometries  and  did  not  model  the  metal 
structure  that  encased  the  cavity  and  served  as  a  semi-infinite  ground  plane.  Nor  did  it 
model  the  effect  of  the  feed  structure  that  ran  right  through  the  center  of  the  cavity. 

Three  other  factors  also  contributed  to  the  differences  between  predicted  and 
measured  results.  First,  there  was  diffraction  from  the  perimeter  of  the  antenna's  support 
structure  as  well  as  scattering  from  the  imperfections  in  the  AFTT  mini-chamber. 

Second,  the  log  periodic  antenna  had  its  own  resonance  frequencies  as  noted  in  Table  5.1. 
This  is  the  one  disadvantage  of  using  this  type  of  antenna  compared  to  a  spiral  antenna 
which  has  what  one  may  consider  an  extended  resonance  over  its  bandwidth. 

Lastly,  some  patterns  exhibited  a  large  amount  of  squint  due  to  instances  of  poor  feed 
network  performance.  Not  only  did  this  shift  the  peak  of  the  radiation  patterns  to  an  off 
center  angle,  but  it  also  affected  the  shape  of  the  radiation  patterns  to  a  certain  extent. 

The  remaining  portion  of  this  chapter  will  present  both  radiation  pattern  cut  and 
VSWR  data  for  each  of  the  seven  cavity  designs  integrated  with  the  feed  and  2.3-16  GHz 
log  periodic  trapezoid  antenna. 

6.1  Absorber-Filled  and  Dielectric-Filled  Cavity  Designs 

Refer  to  Figure  6-1  for  insight  into  how  the  VSWR  changes  as  a  function  of 
frequency  for  the  absorber-filled  cavity.  This  figure  indicates  that  little  energy  was 
coupled  from  the  source  to  the  antenna  until  the  frequency  exceeded  about  4.3  GHz.  The 
upper  frequency  of  12.4  GHz  was  chosen  based  on  the  manufacturer's  upper  limit 
specification  for  the  hybrid  used  in  the  feed  network.  In  later  examples,  20  GHz  was  used 
as  the  upper  limit  to  gain  insight  into  the  antenna  systems'  input  impedance  performance  at 
higher  frequencies. 
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Now  refer  to  Figure  6-2  for  the  dielectric-filled  cavity.  Again,  little  energy  was 
coupled  from  the  source  to  the  antenna  until  the  frequency  exceeded  about  4.7  GHz.  By 
transforming  the  data  from  this  figure  into  the  time  domain,  as  done  in  Figure  6-3,  one  can 
gain  insight  into  the  relative  magnitude  and  location  of  the  different  sources  of  reflection. 
Three  main  peaks  are  observed.  The  first  peak  corresponds  to  the  source  to  hybrid 
connection.  The  second  peak  corresponds  to  a  reflection  within  the  hybrid.  The  third 
peak  corresponds  to  the  hybrid  to  semi-rigid  coaxial  connections.  Had  the  x  axis  of  this 
.plot  continued  beyond  4  ns,  the  reflection  from  the  semi-rigid  coaxial  to  antenna  feed 
point  connection,  the  solder  points,  would  have  been  observed. 

antenna's  feed  would  have  been  observed.  In  later  examples  this  fourth  peak  is  displayed. 

Figure  6-4  shows  both  the  peak  and  normal  incidence  gain  values  as  a  function  of 
frequency  for  the  absorber-filled  cavity.  These  values  were  obtained  from  the  pattern  cuts 
included  in  Appendix  F.  Unfortunately,  neither  the  peak  nor  normal  incidence  gain  is  very 
constant  as  a  function  of  frequency.  This  may  be  due  to  the  interaction  of  the  fields 
reflected  from  the  cavity  with  the  fields  radiating  from  the  antenna  which  itself  is  resonant 
at  the  specific  frequencies  listed  in  Table  5.1.  Note  the  peak  and  normal  incidence  gain 
coincide  for  only  three  of  the  eleven  measurements.  This  condition  of  not  having  the  peak 
gain  equal  to  the  normal  incidence  gain,  known  as  squint,  is  mainly  due  to  the  antenna 
arms  not  being  fed  180  degrees  out  of  phase.  Any  inhomogeneities  in  the  absorber  would 
also  have  contributed  to  the  squint. 

Figure  6-5  shows  the  normal  incidence  and  peak  gain  values  as  a  function  of 
frequency  for  the  dielectric-filled  cavity.  In  this  case  squint  is  less  of  a  problem  since  it 
occurs  in  only  three  of  the  eleven  measured  frequencies.  The  peak  and  normal  incidence 
gain  of  the  dielectric-filled  cavity  design  exceeded  that  of  the  absorber-filled  cavity  case  at 
all  frequencies  except  near  4  GHz.  Refer  to  Appendix  G  for  the  actual  pattern  cuts 
associated  with  this  design. 
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Using  an  absorber-filled  cavity  resulted  in  a  -3  dB  to  -3  dB  beamwidth  of  about  45 
degrees  from  2-12  GHz  as  indicated  in  Figure  6-6.  This  figure  also  provides  insight  into 
the  specific  amount  of  squint  observed.  Compared  to  the  absorber-filled  cavity,  the 
dielectric-filled  cavity's  design  beamwidth  was  much  less  consistent,  as  seen  from  Figure 
6-7.  The  largest  bandwidth  was  80  degrees  at  12  GHz. 

In  summary,  neither  the  dielectric-filled  nor  the  absorber-filled  cavity  designs 
performed  well  over  the  2-12  GHz  band. 

6.2  One  Laver  Design 

In  this  design,  the  slab  containing  five  dipole  arrays,  as  identified  in  Figure  4-33(d) 
and  by  the  fourth  entry  in  Table  4.4,  was  used  as  the  twelfth  of  the  seventeen  layers 
(where  layer  one  corresponds  to  the  slab  closest  to  the  antenna's  plane).  All  sixteen  other 
layers  were  dielectric  slabs  without  scatterers.  The  twelfth  layer  corresponds  to  a  distance 
below  the  antenna's  plane  of  X/4  at  3,1  GHz.  Though  good  performance,  in  terms  of 
constant  normal  incidence  gain  over  extended  bandwidths,  was  not  expected, 
measurements  were  taken  with  this  design  to  see  if  results  would  show  peaks  in  the  gain  at 
multiples  of  the  3.1  GHz  design  frequency.  In  addition,  this  design  was  tested  because  it 
formed  the  lowest  frequency  layer  for  the  best  predicted  two  layer  design  and,  as  such, 
could  prove  valuable  in  its  analysis. 

Figures  6-8  and  6-9  summarize  the  normal  incidence  and  peak  gain  as  a  function  of 
frequency.  Data  from  the  pattern  cuts  in  Appendix  H  was  used  to  create  these  two 
figures.  Both  gains  were  best  at  3.5, 7  and  9  GHz.  Surprisingly,  both  gains  at  3  GHz 
were  less  than  -13  dBi.  The  only  relatively  constant  gain  was  the  peak  gain  between  9-11 
GHz  which  exceeded  1.3  dBi  by  as  much  as  1.1  dB. 

From  Figure  6-10  which  summarizes  this  design's  beamwidth  and  squint,  note  the 
beamwidth  remains  relatively  constant  at  about  25  degrees  for  frequencies  above  8  GHz. 
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Figures  6-11  and  6-12  correspond  to  the  VSWR  and  time  domain  reflection  data 
respectively  for  this  one  layer  design.  The  VSWR  performance  is  poor  until  about  6 
GHz,  slightly  worse  than  the  absorber  or  dielectric-filled  cavity.  The  frequency  range  on 
this  plot  extends  out  to  almost  20  GHz,  revealing  that  the  feed  worked  well  even  beyond 
the  12.4  GHz  upper  limit  specification  of  the  hybrid.  The  time  domain  data  extends  out 
far  enough  this  time  to  show  that  the  largest  average  reflection  is  fi'om  the  initial  source  to 
hybrid  connection  followed  by  the  reflection  from  the  semi-rigid  coaxial  to  antenna  feed 
point  connection. 

In  summary,  this  design  performed  poorly  over  the  2-12  GHz  band. 

6.3  Two  Laver  Designs 

Three  two  layer  designs  were  tested.  The  designs  differed  only  in  the  placement  of 
one  dielectric  slab  within  the  cavity.  The  deeper  scattering  layer  was  chosen  to  be  moved 
both  up  and  down  within  the  cavity  rather  than  the  top  layer.  One  could  just  have  easily 
demonstrated  the  sensitivity  of  the  antenna  to  slight  cavity  configuration  changes  by 
varying  the  top  layer.  The  objective  for  this  testing  was  to  provide  insight  into  how 
sensitive  antenna  performance  would  be  to  slight  changes  in  cavity  configuration  and  to 
gain  insight  into  whether  the  types  of  trends  observed  agreed  with  those  predicted  by  the 
Hoser  code. 

6.3.1  The  6.2  &  3.1  GHz  Design.  The  first  two  layer  run  used  the  same  geometry  as  was 
used  to  obtain  the  best  predicted  Hoser  code  output  shown  in  Figure  4-31.  The  dielectric 
slabs  with  two  and  five  dipole  arrays  identified  in  Figure  4-33  (b  &  d)  were  used  as  the 
sixth  and  twelfth  layers  of  the  seventeen  layers  used  in  the  cavity.  The  normal  incidence 
and  peak  gain  values  as  a  function  of  frequency  are  shown  in  Figures  6-13  and  6-14  which 
are  based  on  the  pattern  cuts  included  as  Appendix  I. 
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Referencing  Figure  4-31  one  observes  that  the  Hoser  code  predicted  this  cavity 
configuration  would  contribute  constructively  to  the  antenna's  radiation  pattern  at 
frequencies  between  5  and  10  GHz  (obtained  by  dividing  8  and  16  GHz  by  the  square  root 
of  the  dielectric  constant).  The  actual  gain  values  were  no  more  consistent  nor 
impressively  high  in  this  region  compared  to  frequencies  outside  of  this  range,  implying 
poor  agreement  between  the  model  and  actual  results. 

Examining  this  design's  performance  at  6.0  GHz  one  observes  that  the  two  dipole 
arrays  used  to  provide  resonance  at  6.2  GHz  did  not  perform  well  at  6.0  GHz.  However, 
by  increasing  the  frequency  by  1  GHz,  the  gain  increased  by  8.5  dB.  If  one  were  to 
attribute  this  improved  performance  at  7.0  GHz  to  the  scatterers  on  the  sixth  layer  and 
recall  that  the  one  layer  case  designed  for  3.1  GHz  exhibited  improved  performance  at  3.5 
GHz  ,  one  could  conclude  that  the  actual  resonant  frequency  of  the  layers  containing 
scatterers  is  about  15%  higher  than  expected. 

As  indicated  in  Figure  6-15  the  beamwidth  averaged  about  42  degrees.  It  was 
more  constant  compared  to  the  beamwidth  of  the  one  layer  3.1  GHz  design. 

From  examining  the  VSWR  of  this  design  as  shown  in  Figure  6-16,  one  sees  that  it 
remained  below  two  only  for  frequencies  above  about  6.8  GHz.  This  was  worse  than 
either  the  absorber-filled  or  dielectric-filled  cavity  cases  but  consistent  in  the  sense  that  the 
VSWR  was  much  better  at  the  higher  frequencies  than  the  lower  frequencies. 

6.3.2  The  6.2  &2.7  GHz.  Design.  This  design  used  the  same  scatterers  as  in  the  previous 
two  layer  design  except  that  now  the  slab  containing  the  five  dipole  arrays  was  used  as  the 
fourteenth  layer  rather  than  the  twelfth  layer.  The  normal  incidence  and  peak  gain  values 
as  a  function  of  frequency  are  shown  in  Figures  6-17  and  6-18.  These  figures  are  based 
on  the  pattern  cuts  included  in  Appendix  J.  Surprisingly,  except  for  a  slight  dip  near  2, 

3.5,  and  8  GHz,  this  design  provided  gains  typically  exceeding  0  dBi ,  with  a  peak  of  7 
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dBi  at  2.25  GHz.  However,  this  performance  is  still  poor  because  the  gain  does  not  vary 
less  than  3  dB  over  any  significant  bandwidth. 

The  Hoser  code  output  associated  with  this  cavity  configuration  is  shown  in  Figure 
6-19.  It  predicts  the  most  constructive  interference  near  2.7  and  7.6  GHz  (4.2  and  12 
GHz  divided  by  the  square  root  of  the  slabs'  dielectric  constant).  Whereas  the  gain  at  2.7 
GHz  exceeds  0  dBi,  the  gain  at  7.5  GHz  is  less  than  -  3  dBi. 

Figure  6-20  provides  beamwidth  and  squint  values  as  a  function  of  frequency  for 
this  design.  The  bandwidth  at  frequencies  below  7.5  GHz  exceeds  50  degrees,  peaking  at 
a  full  105  degrees  at  5.75  GHz. 

The  VSWR  as  a  function  of  frequency  is  provided  in  Figure  6-21 .  This  design  has 
a  VSWR  less  than  two  for  frequencies  exceeding  4.6  GHz,  similar  to  the  results  obtained 
for  the  dielectric-filled  cavity  design.  Note  that  the  frequency  range  on  this  plot  extends 
out  to  almost  20  GHz,  revealing  that  the  feed  worked  well  even  beyond  the  12.4  GHz 
upper  limit  specification  of  the  hybrid. 

Consistent  with  results  from  previous  cavity  designs,  the  time  domain  plot  in 
Figure  6-22  reveals  that,  on  average,  the  largest  source  of  reflections  is  from  the  source  to 
hybrid  connection  followed  by  the  return  from  the  coaxial  to  antenna  feed  point 
connection. 

6.3.3  The  6.2  &  3.7  GHz.  Design.  This  design  used  the  same  scatterers  as  in  the  previous 
two  layer  design  except  that  now  the  slab  containing  the  five  dipole  arrays  was  used  as  the 
tenth  layer  rather  than  the  fourteenth  layer.  Figures  6-23  and  6-24  provide  normal 
incidence  and  peak  gain  values  as  a  function  of  frequency.  These  figures  are  based  upon 
the  data  obtained  from  the  pattern  cuts  included  in  Appendix  K.  As  with  each  design  to 
this  point,  there  was  no  extended  bandwidth  over  which  the  gain  fluctuated  by  less  than  3 
dB.  This  design's  most  constant  frequency  range  at  normal  incidence  was  from  6  to  7.25 
GHz  were  the  gain  averaged  about  -0.8  dBi. 
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The  Hoser  code  output  associated  with  this  cavity  configuration  is  provided  in 
Figure  6-25.  Unlike  the  output  associated  with  the  6.2  &  3.1  GHz  design  in  Figure  4-30, 
this  output  predicts  rather  poor  performance  since  there  is  no  condensed  grouping  of 
frequencies  that  share  a  position  on  or  near  the  positive  part  of  the  x  axis.  Instead,  this 
output  predicts  that  the  cavity  will  provide  constructive  interference  at  the  antenna's  plane 
at  3.3, 5.8  and  12  GHz.  At  6  GHz,  the  gain  is  about  0  dBi  with  a  55  degree  beamwidth, 
which  is  better  than  most  but  not  all  normal  incidence  gain  values.  Interestingly,  at  12  GHz 
the  antenna  provided  its  peak  gain,  6.7  dBi,  with  zero  squint  and  a  23  degree  -3  dB  to  -3 
dB  beamwidth.  Based  on  the  fact  that  the  frequencies  predicted  by  the  Hoser  code  to 
yield  the  best  results  with  earlier  designs  did  not  consistently  agree  with  the  measured 
results,  one  can  conclude  that  this  agreement  at  12  GHz  is  a  coincidence. 

Figure  6-26  provides  the  beamwidth  and  squint  as  a  function  of  frequency  for  this 
design.  As  with  the  last  design,  there  is  one  instance  in  which  the  beamwidth  exceeds  100 
degrees;  it  is  115  degrees  at  6.3  GHz. 

The  VSWR  information  contained  in  Figure  6-27  is  consistent  with  earlier 
measurements  in  that  the  VSWR  is  very  poor  for  low  frequencies  but  remains  below  2  for 
frequencies  above  about  8  GHz. 

Again,  the  time  domain  plot  in  Figure  6-28  reveals  that,  on  average,  the  most 
significant  source  of  reflections  is  the  source  to  hybrid  connection. 

Comparing  the  gains  of  these  three  two  layer  designs,  as  done  in  Figures  6-29  and 
6-30,  one  can  see  that  the  6.2  &  2.7  GHz  design  provides  the  most  consistent  gain  as  a 
function  of  frequency  and  it  provides  the  best  gain  at  frequencies  up  until  6  GHz,  though 
at  frequencies  lower  than  4.6  GHz  the  VSWR  unfortunately  exceeds  two. 

6.4  Three  Laver  Design 
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The  Hoser  code  predicted  that  the  best  design  using  the  slabs  etched  with  1,  5,  and 
7  dipole  arrays,  identified  in  Figure  4-33  (a),  (c),  (e),  corresponded  to  placing  these  three 
slabs  at  the  third,  fifth,  and  twelfth  layers  of  the  cavity,  respectively.  From  this 
configuration's  Hoser  code  output  predicted  in  Figure  6-31,  one  expects  the  cavity  to 
provide  constructive  interference  in  the  antenna's  plane  mainly  in  the  7-9.5  GHz  range 
(obtained  by  dividing  1 1  and  15  GHz  by  the  square  root  of  the  slabs'  dielectric  constant). 
By  reviewing  the  measured  gain  information  in  Figures  6-32  and  6-33  (which  are  based  on 
the  pattern  cuts  included  in  Appendix  L),  one  can  conclude  that  the  performance  between 
7-9.5  GHz  is  not  particularly  better  than  the  performance  over  similar  bandwidths 
elsewhere.  In  addition,  the  normal  incidence  gain  figure  shows  that  the  magnitude  of  the 
maximum  and  minimum  gains  have  increased  slightly  compared  to  the  one  and  two  layer 
designs.  Though  the  peak  gain  varied  much  less  than  the  normal  incidence  gain,  it  still 
lacked  the  consistency  that  characterizes  a  good  antenna. 

Figure  6-34  provides  insight  into  how  the  beamwidth  and  squint  vary  with 
frequency  for  this  design.  The  best  beamwidth  occurs  in  the  6-7  GHz  region,  peaking  at 
75  degrees  at  6.5  GHz. 

The  VSWR  information  in  Figure  6-35  again  implies  that  little  power  will  be 
coupled  to  the  antenna  until  frequencies  exceed  about  6.8  GHz.  Therefore,  even  if  the 
radiation  patterns  provided  good  gain  and  beamwidth  results  at  frequencies  below  8  GHz, 
the  antenna  system  would  be  inefficient. 
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Voltage  Standing  Wave  Ratio  (VSWR) 


/  REF  1 


1j  7.7913 


Figure  6-1  VSWR  vs.  Frequency  For  Absorber-Filled  Cavity 
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(VSWR) 


Relative  Magnitude  Of  Reflection 


Figure  6-3  Time  Domain  Plot  Containing  Reflection  Information  For  Dielectric- 

Filled  Cavity 
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Gain  Using  Absorber  Filled  Cavity 


Frequency  (GHz) 


Figure  6-4  Gain  vs.  Frequency  For  Absorber-Filled  Cavity 
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Gain  Using  Dielectric  Filled  Cavity 


Figure  6-5  Gain  vs.  Frequency  For  Dielectric-Filled  Cavity 
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3  dB  to  3  dB  Beamwidth  or  squht  (degrees) 


Beamwidth  &  Squint  Using  Absorber 


Figure  6-6  Beamwidth  and  Squint  vs.  Frequency  For  Absorber-Filled  Cavity 
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Beamwidth  &  Squint  Using17  Dielectric  Slabs 


Frequency (GHz) 

□ - B  Beamwidth 

o - o  Squint 


Figure  6-7  Beamwidth  and  Squint  vs.  Frequency  For  Dielectric-Filled  Cavity 
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ncidence  Gain  (dBI) 


Figure  6-8  Normal  Incidence  Gain  vs.  Frequency  For  3.1  GHz  Design 
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Gain  Using  One  Scattering  Layer 


Figure  6-9  Peak  Gain  vs  Frequency  For  3.1  GHz  Design 
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Beamwidth  &  Squint  Using  3.1  GHz  Design 


Frequency  (GHz) 

□ - □  Beamwidth 

Q - o  Squint 


Figure  6-10  Beamwidth  and  Squiut  vs.  Frequency  For  3.1  GHz  Design 
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Voltage  Standing  Wave  Ratio  (VSW'R) 


SWR 


/  REF  1 


START  0.0500  GHz  STOP  19.9900  GHz 


Figure  6-11  VSWR  vs  Frequency  For  3.1  GBfe  Design 
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Figure  6-12  Time  Domain  Plot  Contaising  Reflection  Laiformation  For  3.1  GHz 

Design 
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Gain  Using  Two  Scattering  Layers 


Figure  6-13  Normal  Incidence  Gain  vs.  Frequency  For  6.2  and  3.1  GHz  Design 
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Gain  Using  Two  Scattering  Layers 


Figure  6-14  Peak  Gain  vs.  Frequency  For  6.2  &  3.1  GHz  Design 
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Beamwidth  L  Squint  Using  6^ & 3.1  GHz  Design 


Frequency  (GHz) 

□ - □  Beamwidth 

0 - o  Squint 


Figure  6-15  Beamwidth  and  Squint  vs  Frequency  For  6.2  &  3.1  GHz  Design 
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Voltage  Standing  Wave  Ratio  (VSWR) 


/  REF  1 


START  2.  □□□□  GHz  STOP  12.  4000  GHz 


Figure  6-16  VSWTR  vs  Frequency  For  6.2  &  3.1  GHz  D^ign 
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Gain  Using  Two  Scattering  Layers 


Figure  6-17  Normal  Incidence  Gain  vs.  Frequency  For  6.2  &  2.7  GHz  Design 
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Gain  Using  Two  Scattering  Layers 


Figure  6-18  Peak  Gain  vs.  Frequeney  For  6.2  &  2.7  GHz  Design 
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Inag'rary  Component  of  Normaized  E^ackscattered  Field 


Two  Layer  Design  (6^  2.7  GHz) 


Figure  6-19  Hoser  Code  Output  For  6.2  &  2.7  GHz  Design 
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Beamwidth  &  Squint  Using  6^ & 2.7 GHz  Design 


F r e q u e ncy  (GHz) 

□ - H  Beamwidth 

G - 0  Squint 


Figure  6-20  Beamwidth  &  Squint  vs  Frequency  For  6.2  &  2.7  GHz  Design 
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Relative  Magnitude  of  Reflection 


Figure  6-22  Time  Domain  Plot  Containing  Information  For  6.2  &  2.7  GHz  Design 
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Gain  Using  Two  Scattering  Layers 


Frequency  (GHz) 


Figure  6-23  Normal  Incidence  Gain  vs.  Frequency  For  6.2  &  3.7  GHz  Design 
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Gain  Using  Two  Scattering  Layers 


Figure  6-24  Peak  Gain  vs  Frequency  For  6.2  &  3.7  GHz  Design 
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Imagrary  Component  of  Normatzed  Backscattered  Field 


MV 

-5l0  -2.5  0  2.5  5l0 


Real  Component  of  NormaSzed  Bad^scattered  Reid 


Figure  6-25  Hoser  Code  Output  For  6.2  &  3.7  GHz  Design 
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Beamwidth  &  Squint  Using  6J2&3.7GHz  Design 


Frequency  (GHz) 

□ - □  Beamwidth 

G - o  Squint 


Figure  6-26  Beamwidth  &  Squint  vs.  Frequency  For  6.2  &  3.7  GHz  Design 


6-35 


Relative  Magnitude  of  Reflection 


Sji  SWR  10  m  /  REF  1 


Figure  6-28  Time  Domain  Plot  Confining  Reflection  Information  For  6.2  &  3.7 

GHz  Design 
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Gain  Using  Two  Scattering  Layers 


2.5  5.0  7.5  10.0  12.0 

Frequency  (GHz) 


Figure  6-29  Comparison  Of  Normal  Incidence  Gain  For  Two  Layer  Designs 
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Gain  Using  Two  Scattering  Layers 


Figure  6-30  Comparison  of  Peak  Gains  For  Two  Layer  Design 
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-39 


-5lO  -25  0  25  5.0 

Real  Cornponent  of  Normaized  Backscattered  Field 


Figure  6-3 1  Hoser  Code  Output  Fot  'Duee  Layer  Design 
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Normal  Incidence  Gain  (dBI) 


_ Frequency  (GHz) _ 

^ — V  124,7.4.3.1  GHz  design  (2aiSCteirray).‘Bi1S(5arrays).6Bt1SC7arrays).5B) 

B - Q  17  delectric  slabs  (no  scattsrers) 

o - o  absorber 


Figure  6-32  Normal  Incidence  Gain  vs.  Frequency  For  Three  Layer  Design 
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Gain  Using  Three  Scattering  Layers 


V- — V  12:4.7.4.3.1  GHz  design  (2Bi1S(1array).‘mS(5arrays),6Bt1SC7arrays)^©) 

□ - H  17  <Se!ectric  slabs  (no  scatterers) 

Q - o  absorber 


Figure  6-33  Peak  Gain  vs  Frequency  For  Three  Layer  Design 
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Beamwidth  &  Squint  Using  12.47.4^.1  GHz  Design 


Frequency (GHz) 

□ - □  Beamwidth 

0 - o  Squint 


Figure  6-34  Bandwidth  &  Squint  vs.  Frequency  For  Three  Layer  Design 
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Voltage  Standing  Wave  Ratio  (VSWR) 


7.  Conclusions  and  Recommendations 


The  results  of  replacing  the  absorber  with  scatterers  in  a  cavity-backed  log  periodic 
trapezoid  wire  antenna  were  inconclusive.  This  inconclusiveness  was  mainly  due  to  the 
atypical  gain  characteristics  of  the  absorber-filled  cavity  design.  Rather  than  providing  a 
relatively  constant  gain  as  a  function  of  frequency,  as  expected,  this  design's  gain 
fluctuated  by  as  much  as  8  dB  over  the  2-12  GHz  band.  The  question  that  must  be  asked 
is  how  could  one  expect  to  achieve  good  performance  using  scatterers  in  the  cavity  if  the 
traditional  absorber-filled  design  was  unable  to  produce  respectable  results. 

If  one  were  to  attribute  the  poor  performance  of  the  absorber-filled  case  to  the 
feed  set-up,  and  then  assume  it  equally  affected  results  using  other  cavity  designs,  then 
some  of  the  results  can  be  made  to  look  good  by  judging  performance  solely  on  how  the 
antenna's  gain  compared  to  the  absorber-filled  antenna's  gain.  Referencing  Figures  6-18, 
6-24,  and  6-33,  one  observes  that  the  6.2  &  2.7  GHz  and  6.2  &  3.7  GHz  two  layer 
designs  and  the  one  three  layer  design  all  had  peak  gains  that  exceeded  that  of  the 
absorber-filled  case  at  virtually  every  frequency. 

On  the  other  hand,  if  one  uses  the  standard  criteria  to  judge  antenna  performance  - 
-  that  is,  its  normal  incidence  gain  and  the  bandwidth  over  which  it  remains  within  3  dB  of 
its  peak  —  then  the  clear  conclusion  from  the  results  in  Chapter  6  is  that  using  scatterers 
rather  than  absorber  in  the  cavity  of  cavity-backed  antennas  can  result  in  moderate 
improvements  in  the  gain  but  only  over  some  narrow  3  dB  bandwidths  that  could  not  be 
predicted  very  accurately  with  the  modeling  approaches  used  in  this  research. 

Further  investigation  into  engineering  a  method  of  harnessing  the  energy  that  an 
absorber-filled  cavity-backed  antenna  radiates  into  its  cavity  is  warranted.  First,  to  avoid 
the  resonances  associated  with  the  log  periodic  antenna,  it  is  recommended  that  a  spiral 
antenna  be  used  in  any  further  research.  Second,  to  obtain  better  correlation  between 
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predicted  and  actual  results,  it  is  recommended  that  the  modeling  techniques  consider  the 
effect  of  the  cavity's  side  walls  and  the  copper  tape  on  the  deepest  dielectric  slab. 

In  addition,  future  testing  to  evaluate  possible  cavity  designs  should  begin  with  the 
validation  of  the  performance  of  the  traditional  absorber-filled  cavity  design  over  its 
designed  bandwidth. 
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APPENDIX  A:  Determination  of  the  Normalization  Constant  Used  In  The  Hoser 

Code 

Note:  Tim  appendix  was  extracted  from  the  report  titled  "On  Edge  Ahsorhers  In 
General"  which  is  listed  as  reference  17  in  the  bibliography.  References  and  figure 
numbers  in  this  appendix  therefore  refer  to  those  cited  in  the  original  report. 

Determination  of  a  Normalization 
Constant  for  an  Infinite  z-Directed 
Line  Array  of  Dipoles 


For  some  time  now  the  Ohio  State  University  ElectroScience  Laboratory  has  been  studying 
the  scattering  from  finite  arrays  of  dipoles  by  modelling  the  array  as  a  finite  collection  of 
dipoles  strings  which  are  infinitely  periodic  in  one  direction.  Hughes  [5]  first  considered  z 
directed  dipoles  that  are  infinitely  periodic  in  z.  In  this  Appendix  a  normalization  constant 
for  the  scattered  field  is  presented  to  help  understand  these  results.  This  is  the  first  attempt 
to  formulate  an  approach  similar  to  the  use  of  the  Smith  Chart  in  doubly  infinite  periodic 
surfaces. 

Consider  the  far  zone  ”  z  directed  scattered  field  from  an  infinite  line  array  of  z  directed 
dipoles.  The  terminals  of  the  reference  dipole  and  the  phase  reference  point  are  located  at 
the  origin. 


=  =  (A.l) 

iJJx 

Recall  that  the  current  in  Equation  (A.l)  is  just  the  voltage  induced  in  the  reference  element 
divided  by  the  self  impedance  of  the  array,  i.e.: 


yw  (I*"' .  2)P*""(n  =  0)  _  EoP‘’'"”(n  =  0) 

By  applying  Equation  (A.2)  to  (A.l)  the  scattered  field  may  be  written  in  terms  of  the 
incident  field  and  the  self  impedance. 


_  _ 


^.JP-^(n  =  0)P"“"(n  =  0)] 


(A.3) 


•While  it  is  impossible  to  be  in  the  fax  tone  of  an  infinitely  periodic  array,  the  fin  rone  here  is  just  the 
principle  cylindrical  wave  emanating  from  the  string  array. 
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(A.4) 


The  self  impedance  of  the  dipole  array  siring  is  given  in  [5]  as: 

Z'-'  =  ^  i:  r;B<=l(^r,a)F”'‘(n)J’'™"(n) 

n=-oo 

where  the  term  Tp  is  given  as: 

A  careful  inspection  of  Equation  (A.5)  reveals  that,  for  no  grating  lobes,  Vp  is  only  real  for 
the  n  =  0  term.  AH  other  values  of  n  result  in  Tp  becoming  imaginary  ,  i.e.: 


rp  =  \ 


= 


n  =  0 


(A.6) 


[  -jK\  =  -jy/rl-l  n:^Q 

In  Equation  (A.6)  the  negative  root  is  chosen  to  satisfy  the  radiation  condition.  Using  these 
results  in  Equation  (A.4)  3rields: 


^14  =  ^52^i-)(^as^)P*“‘(n  =  0)P‘’-“”(n  =  0)  (A.7) 

iDz  ^ 

(n^Q) 

The  Hankel  function  of  an  ima^ary  argument  may  be  written  in  terms  of  modified  Bessel 
functions  of  the  second  kind  [6]. 


KM  =  |(-i)‘^‘^^"H-j«)  (A-®) 

The  modified  Bessel  Function  of  the  second  kind  is  real  for  real  arguments  [6],  therefore 
all  terms  n  #  0  in  the  self  impedance  arc  purely  im^inary.  Using  Equation  (A.8)  in 
Equation  (A.7)  gives  the  self  impedance  in  real  and  ima^ary  terms. 

4x/z 

+  f;  TlK,{0a\T,\)P~-(n)P—{n) 

(n^W) 

The  bracketed  term  of  Equation  ( A.3)  is  the  real  part  of  the  n  =  0  value  of  the  self  unpedance 
for  thin  dipoles  (i.e.  /3a  ~  0).  At  resonance  this  term  represents  the  self  impedance  of  the 
dipole  string.  Using  this  fact  in  Equation  (A.3)  ^ves: 

Er'  =  (A-IO) 


A-2 


Now,  the  scattered  field  at  resonance  is  just 


=  -EoH'^^Klispp) 


(A.ll) 


The  normalization  presented  here  makes  use  of  Equation  (A.ll)  by  dividing  the  scattered 
field  of  an  array  by  the  maximum  possible  scattered  field  of  a  single  column  of  dipoles  given 


at  resonance. 


The  exact  normalizing  constant  is  found  by  considering  the  large  argument  form  of  the 
Hankel  function  [6]. 


lim  =  J^: 

u— oo  ^  '  y 


(A.12) 


So  for  the  Hankel  function  of  the  normalization: 


jX  (t 


V 


(A.13) 


The  term  in  the  parenthesis  in  Equation  (A.13)  is  just  the  far  zone  term  which  may  be 
omitted.  Thus  the  proposed  normalization  constant  is  just: 

This  normalization  constant  is  essentially  an  always  resonant  dipole  situated  at  the  origin. 
The  beauty  of  the  constant  is  that  it  is  completely  independent  of  the  width  of  the  dipoles 
in  the  string.  An  example  of  a  normalized  backscattered  field  &om  a  dipole  string  is  shown 
in  Figure  20. 
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Figure  20:  The  normalized  backscattered  field  from  an  infinite  string  of  z  directed  dipoles 
located  at  the  origin. 
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APPENDIX  B:  Source  Code  For  Transmission  Line  Code 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


Purpose:  To  compute  the  reflection  coefficient  associated 
with  layers  of  frequency  selective  surfaces 

Assumptions:  Normal  incidence.  ... 

Frequency  selective  surfaces  are  infinite  in  2D 
planes;  these  two  dimensional  planes  are  parallel 

Input:  Lower  and  upper  frequencies 

-  Frequency  step  size  ^  ^ 

The  resistance,  inductance,  and  capacitances  associated 
with  the  frequency  selective  surfaces. 

Number  of  arrays  to  model 

-  R,L(ph) ,Cl(pf) ,C2(pf)  values  of  each  of  these 

Output:  To  a  file  named  out.dat:  Reflection  Coef  vs  Freq 

and  Phase  vs  Freq  (The  phase  reference  is  at  the 
plane  of  the  antenna.) 

Restrictions:  Source  code  is  set  up  to  support  only  up  to  two 
layers.  This  can  be  overcome  by  modifying  the  code. 

Basis  for  equations:  EENG  627  Class  Notes  and  Section  8.3.3  of 
Eugene  Knott's  RCS  Text. 


Parameter  (max=2)  ^  . 

Dimension  XSUBN(max)  ,RIND(max)  ,CAPl(max)  ,CAP2(max)  ,RES(max) 
Complex  CAN,  CANPl,  CBN,  CBNPl,  CGSUBN,  CIMPEDl 
Complex  CACOEF,  CBCOEF,  CASl,  CAS2,  CBSl,  CBS2 
Complex  CR 

PI  =  3.141592654  .  ^  ^  „ 

Write  (*,*)  "Please  input  the  lowest  and  highest  freqs  (GHz) 

Read  (*,*)  FLGHZ,  FHGHZ  . 

Write  (*,*)  "Please  enter  the  frequency  step  size  (in  GHz) 

Read  (*,*)  FSTEP 

istep  =  (FHGHZ  -  FLGHZ) /FSTEP 

rstep  =  (FHGHZ  -  FLGHZ) /FSTEP 

Write  (*,*)  "Input  the  number  of  periodic  arrays  to  be  used 
Write  (*,*)"This  nximber  must  be  less  than  or  equal  to", max 

Read  (*,*)  NUM  , .  „ 

Write  (*,*)  "Input  value  of  R  for  the  deepest  FSS  (in  ohms) 

Read  (*,*)  RES(l)  .  ^ 

c  R=0.0,  L=3187,  Cl=0.205,  C2=0. 01076  for  example  in  figure  4-20 
Write  (*,*)  "Input  value  of  L  for  the  deepest  FSS  (in  pH) 

Read  (*,*)  RIND(l)  „ 

Write (*,*)  "Input  value  of  Cl  for  the  deepest  FSS  (in  pF) 

Read(*,*)  CAPl(l)  ^  /•  T.MI 

Write (*,*)  "Input  value  of  C2  for  the  deepest  FSS  (m  pF) 

Read(*,*)  CAP2(1) 
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"Input  value  of  R  for  the  2nd  deepest  FSS  (ohms)" 
RES(2) 

value  of  L  for  the  2nd  deepest  FSS  (in  pH)" 


Write  (*,*)  "Input  the  distance  (in  meters)  from  the 
Write  (*,*)  "FSS  to  the  plane  of  the  antenna." 

Read  (*,*)  XSUBN(l) 

If  (num.eq.l)  THEN 
RES(NUM+1)  =  0. 

RIND(NUM+1)  =0. 

CAP1(NUM+1)  =0. 

CAP2(NUM+1)  =0. 

XSUBN(2)  =  0. 

ELSE 

Write(*,*) 

Read  (*,*) 

Write ( * / * )  " Input 
Read  (*,*)  RIND(2)  ^ 

Write  (*,*)  "Input  value  of  Cl  for  the  2nd  deepest  FSS  (ph)" 

Read  (*,*)  CAP1(2)  ^ 

Write  (*/*)  "Input  value  of  C2  for  the  2nd  deepest  FSS  (ph)" 

Read  (*,*)  CAP2(2) 

c  note  0.0038125  is  quarter  wave  for  12.45  GHzf'  .00635/7.47 

c  .007625/6^22  .0050775/9.34  ^  ^ 

Write (*,*)  "Input  the  distance  from  the  FSS  to  the  antenna  s 

Write  (*/*)  "plane  (in  meters)." 

XSUBN(2)  =  XSUBN(l) 

Read  (*,*)  XSUBN(l) 

XSUBN(3)  =0.0 
ENDIF 

ESUBR  =2.5 

c  Y  is  the  intrinsic  admittance  of  spacers 


Y  =  SQRT (ESUBR) /377. 
c  now  step  through  the  frequencies 
F  =  FLGHZ 

DO  20  M=l,  ISTEP+1 
CAN  =  (l.,0.) 

CBN  =  (0.,0.) 

RLAMDA  =  0.3/(F*SQRT(ESUBR) ) 

RK  =  2.*PI/RLAMDA 

c  now  find  reflection  coef  at  each  frequency  through  iterative  proc 
c  use  for  spiral  plane  as  phase  reference 
DO  30  N=1,NUM+1 

c  use  for  first  array  as  phase  reference 
c  DO  30  N=1,NUM 

THETA  =  RK  *  XSUBN(N) 

YNUM  =  Y 

CIMPEDl  =  1000000000000000000000000.0 

CALL  FINDZ(RES(N) ,RIND(N) ,CAP1(N) ,CAP2(N) ,F, CIMPEDl) 

CACOEF  =  CEXP((0.,1.)*RK*XSUBN(N))/ (2.0* YNUM) 

CGSUBN  =  1.0/CIMPEDl 

CASl  =  CAN* (YNUM+Y+CGSUBN) *CEXP( (0. , -1. ) *THETA) 

CAS 2  =  CBN* ( YNUM-Y+CGSUBN) *CEXP ( ( 0 . , 1 . ) *THETA) 

CANPl  =  CACOEF  *  (CASl  +  CAS2) 

CBCOEF  =  CEXP( (0. ,-l.)*RK*XSUBN(N) )/(2.0*YNUM) 

CBSl  =  CAN* ( YNUM-Y-CGSUBN) *CEXP ( ( 0 . , -1 . ) *THETA) 

CBS2  =  CBN*(YNUM+Y-CGSUBN)*CEXP((0. ,1.)*THETA) 

CBNPl  =  CBCOEF  *  (CBSl  +  CBS2) 

CAN  =  CANPl 
CBN  =  CBNPl 
CR  =  CBN/ CAN 
30  CONTINUE 
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CR  =  CBNPl/CANPl 
A  =  REAL(CR) 

B  =  AIMAG  (CR) 

PHASE  =  ATAN2(B,A) 

DEG  =  PHASE  *  180. /PI 
RC  =  CABS(CR) 

RCDB  =  20.0  *  ALOGIO(RC) 

OPEN  (unit=22 ,  f ile="out .  dat" ,  status="unlaiown") 
Write(22,*)  f,  rcdb,  deg 
F  =  FLGHZ  +  M*FSTEP 
20  CONTINUE 

75  CONTINUE 

END 

SUBROUTINE  FINDZ (RESIST, RLl,  CCl,  CC2,  Freq,  CIMPEDl) 
COMPLEX  CIMPEDl,  CJW,  CLC,  CIC,  CZIC,  C2C 
c  Write  (*,*) ''FINDZ'',RL1, CCl, CC2, Freq, CIMPEDl 

PI  =  3'.  141592654 
IF  (CCl.gt.O.)  THEN 

c  next  line  accounts  for  case  when  R=  real  and  C2  =  zero 
IF(CC2. It. 0.0000000001)  CC2  =  0.000000001 
CJW  =  (0.,1.)  *  2.  *  PI  *  Freq 
CLC  =  CJW  *  RLl  *  0.001 
CIC  =  l./(CJW  *  CCl  *  0.001) 

CZIC  =  CLC  +  CIC  +  RESIST 
C2C  =  l./(CJW  *  CC2  *  0.001) 

CIMPEDl  =  (CZIC  *  C2C)/(CZ1C  +  C2C) 

ENDIF 

RETURN 

END 
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SUMMARY  OF  EQUIVALENT  CIRCUIT  PARAMETERS  PROVIDED  BY  THE  OSUPMMCODE 


APPENDIX  C:  Equivalent  Circuit  Parameters  Needed  For  Input  To  T>Line  Code 
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bnaghary  Component  of  Normalzed  Baokscattered  Field 


APPENDIX  D:  Different  DX  Variations  Of  Actual  Fabricated  Three  Layer  Design 


12.4. 6.2, 3.1  GHz  design  ushg  1 5,  and  7  arrays  respectively 
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12.4. 6.2. 3.1  design  ushg  1 5i  and  7  arrays  respectively 
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APPENDIX  E 


Antenna  Data  for  Gain  Calibration 


The  table  below  provides  insight  into  the  calibration  factors  used  to  determine  absolute 
gain  values  for  each  different  frequency  tested.  The  reference  antenna  was  an  American 
Electronic  Laboratories  Model  H-1498B  horn  antenna. 
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APPENDIX  F: 


Antenna  Pattern  Cuts  for  Absorber-Filled  Cavity  Design 


Freq 

(GHz) 

Normal  Gain 
(dBi) 

Max  Gain 
(dBi) 

Squint 

(deg) 

Beamwidth 
(-3dBi  to  -3dBi) 
(deg) 
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APPENDIX  G: 


Antenna  Pattern  Cuts  For  Dielectric-Filled  Cavity  Design 


Freq  Normal  Gain  Max  Gain  Squint  Beamwidth 


(GHz) 

(dBi) 

(dBi) 

(deg) 

(-3dBi  to  -3dBi) 
(deg) 
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APPENDIX  H:  Antenna  Pattern  Cuts  For  One  Layer  Design 

Note  the  following  notation  is  used  to  describe  the  cavity  configuration  of  the 
different  designs  listed  in  the  Appendices. 

(11  blank  dielectric  layers,  1  scattering  layer  with  5  arrays,  5  blank  dielectric  layers) 

( IIB,  IS  (5  arrays),  5B) 


Freq 

(GHz) 

Normal  Gain 
(dBi) 

Max  Gain 
(dBi) 

Squint 

(deg) 

Beamwidth 
(-3dBi  to  -3dBi) 
(deg) 
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APPENDIX  I; 


Antenna  Pattern  Cuts  For  6.2  &  3.1  GHz  Two  Layer  Design 
(5B,  IS,  5B,  IS,  5B) 

(6.2(2arrays)  &  3.11(5arrays)) 


Freq 

(GHz) 

Normal  Gain 
(dBi) 

Max  Gain 
(dBi) 

Squint 

(deg) 

Beamwidth 
(-3dBi  to  -3dBi) 
(deg) 
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APPENDIX  J: 


Antenna  Pattern  Cuts  For  6.2  &  2.7  GHz  Two  Layer  Design 

(5B,  IS  (2  arrays),  7B,  IS  (5  arrays),  3B) 


Freq 

(GHz) 

Normal  Gain 
(dBi) 

Max  Gain 
(dBi) 

Squint 

(deg) 

Beamwidth 
(-3dBi  to  -3dBi) 
(deg) 

2.00 

-0.9 

-1.0 
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APPENDIX  K: 


Antenna  Pattern  Cuts  For  6.2  &  3.7  GHz  Two  Layer  Design 

(  5B,  IS,  3B,  IS,  7B  ) 


Freq 

(GHz) 

Normal  Gain 
(dBi) 

Max  Gain 
(dBi) 

Squint 

(deg) 

Beamwidth 
(-3dBi  to  -3dBi) 
(deg) 

2.00 

-14.8 

-14.6 

7 

52 

2.73 

4.5 

4.5 

-1 

48 
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1.5 
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APPENDIX  L:  Antenna  Pattern  Cuts  For  12.4, 7.4,  &  3.1  GHz  Three  Layer  Design 

(  2B,  IS  (1  array),  IB,  IS  (5  arrays),  6B,  IS  (7  arrays),  5B  ) 


Freq 

(GHz) 

Normal  Gain 
(dBi) 

Max  Gain 
(dBi) 

Squint 

(deg) 

Beamwidth 
(-3dBi  to  -3dBi) 
(deg) 

2.00 

-24.5 
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30 
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APPENDIX  L  (Continued) 
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